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Abstract 

The  effects  of  gravity  on  the  low  velocity  penetration 
of  a  projectile  into  Ottawa  Sand  are  investigated  in  this 
study.  A  cylindrical  aluminum  projectile  weighing  64.1  gm 
is  fired  at  velocities  in  the  range  800-1500  cm/sec  into  a 
bed  of  Ottawa  Sand  at  gravity  levels  of  0.17,  0.38,  1.00, 
and  2.00  g.  Maximum  penetrations  are  compared  at  these 
levels.  An  inverse  relationship  is  found  between  maximum 
penetration  and  gravity. 

Terrestrial  soil  penetration  equations  are  discussed 
and  compared  with  the  data  from  the  experiment.  A  method  to 
transform  a  terrestrial  equation  into  an  equation  valid  at 
gravity  levels  in  the  range  of  the  experiment  is  suggested. 

Deceleration  traces  are  produced  by  computer  from  pene¬ 
tration-time  data  that  is  fit  with  a  least-squares  poly¬ 
nomial  and  mathematically  differentiated.  Double-peaked 
curves  result  at  all  gravity,  levels.  Trends  in  properties 
of  the  curves  are  discussed. 


Recommendations  are  made  for  further  work  in  the  area. 
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GRAVITY  EFFECTS  ON  LOW  VELOCITY  PENETRATION 
OF  A  PROJECTILE  INTO  A  COHESlONLSSS  MEDIUM 

I.  Introduction 

Low  velocity  penetration  of  projectiles  into  soil  tar¬ 
gets  is  interesting  for  several  reasons.  Early  interest  was 
aroused  by  the  invention  of  artillery  arid  the  subsequent, 
desire  to  protect  men  and  structures  with  earth  embankments-. 
Modern  interest  has  grown  with  the  possibility  that  the  soil 
penetration  event  might  be  used  to  determine  the  in  situ 
properties  of  remote  soils  (Ref.  1,11,7,14,20,21,26)/,  The 
remote  penetrometer  concept  is  considered  applicable  to 
interplanetary  soil  testing  (Ref.  20:2)  but  the  effects  of. 
a  different  gravity  on  the  theories  involved  have  not  yet 
been  experimentally  demonstrated . 

Purpose  and  Scope 

The  purpose  of  this  investigation  was  .to  determine  the 
effects  of  gravity  on  the  maximum  penetration  resulting  from 
a  low  velocity  projectile  impacting  a  cohesionless  soil  tar¬ 
get.  The  choice  of  a  cohesionless  medium  (Ottawa  Sand)  for 
the  target  was  made  because  this  is  perhaps  the  easiest  soil 
to  control  in  an  experimental  environment.  The  basic  ex¬ 
periment  was  designed  to  produce  identical  penetration 
events  over  a  range  of  gravities  which  included  the  values 
0.17  g,  O.38  g,  1.00  g,  and  2.00  g,  where  g  is  the  magnitude 
of  gravitational  acceleration  on  the  Earth.* 

*  g  on  the  Earth  is  981  cm/sec^,  at  45°  latitude  and  at  sea 
level 
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The  ideal  experiment  would  keep  all  other  parameters 
of  penetration  perfectly  constant  while  allowing  gravity  to 
'•vary'  in  a  controlled  manner.  Any  changes  observed  in  the 
maximum  penetrations  from  one  g  level  to  another  could  then 
be  attributed  to  the  influence  of  gravity.  A  literature 
-•search  was  conducted  to  determine  some  parameters  that  were 
known  functions  of  gravity,  and  extensive  testing  was  done 
in  the  laboratory  to  determine  the  effects  that  other  param¬ 
eters  had  on  maximum  penetration. 

Gravity  simulation  was  accomplished  aboard  a  KC-135A 
aircraft  which  flew  controlled  parabolic  maneuvers  (Ref.l3)« 
The  desired  gravity  simulation  was  attained  over  the  top  of 
these  maneuvers  and  the  level  attained  depended  on  parabolic 
.eccentricity.  The  use.  of.  the  aircraft  placed  stringent 
limitations'  on  the  design  of  the  experiment  which  are  out- 
lihbd  in  Section  IV  of  this  paper.  The  basic  limit  was  on 
the  .size;  of  the  bed  of  sand;  This,  in  turn,  dictated  the 
projectile  mass  and.  impact  velocity  that  could  be  used. 

In  these  experiments  a  cylindrical  aluminum  projectile 
weighing  64,.  1  grams  was  fired  at  a  velocity  of  from  800  to 
;•  1500  cm/sec  into  the  sand  bed.  The  projectile  which  was 
fiat-nosed,,  had  a  length  of  33  cm.  and  a  diameter  of  1.27 
y  cm.. 

Pre-impact  projectile  velocities:  for  the  air-borne 
•experiments  were  determined  by  post-shot  measurements  made 

t 

on  successive  frames  of  high-speed  motion  picture  film. 
Because  these  films  were  available,  it  was  possible  to 


..#*■**  ^p*w***^m  •** »^r“ ' 
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determine  penetration-time  plots  from  them  for  each  3hot 
fired. 

Deceleration-time  traces  from  other  experiments  are 
available,  for  Impacts  in  soil  in  a  1  g  environment  .(Ref. 

21,2 6)  but  possible  effects  of  gravity  on  such  traces  have 
not  been  experimentally  demonstrated.  In  theory,  a  least- 
squares  polynomial  fit  could  be  made  to  the  penetration¬ 
time  data  of  this  experiment  and  the  result  twice-differen-  . 
tiated  to  obtain  deceleration-time  curves. 

The  usual  procedure  in  other  experiments  had  been  to 
place  accelerometers  in  the  noses  of  projectiles  and  to 
photograph  an  oscilloscope  display  of  their  response  to 
impact.  The,  deceleration-time  plots  thus  obtained  are  ih- 
•  tegrated  to  obtain  velocity-time  and  -penetration-time  plots.; 
In  this  experiment  a  more  difficult  method  was  used.  Curves 
were  fitted  to  penetration-time  data  points  and  then  twice 
differentiated  to  obtain  deceleration  time  plots.  The 
method  was  unproven,  but  was  used  anyway  because  of  the 
lack  of  any  such  curves  at  gravity  levels  other  than  1  g. 

Method  of  Attack 

The  report  begins  with  a  section  on  attempted  deriva¬ 
tions  of  soil-penetration  equations  *■  This  is  followed  by  a 
discussion  of  soil  properties  that  have  been  shown  to  be 
functions  of  gravity.  The  experiment  and  its  results  are 
presented  in  the  next  two  sections.  The  final  section  con¬ 
tains-  conclusions  drawn  from  the  experimental  results  and 
makes  recommendations  for  further  work  in  the  area. 

3 
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II.  Factors  Affecting  Soil-Penetration  on  Earth 
A' terrestrial  soil-penetration  is  a  function  of  many 
variables.  The  number  of  variables  is  the  greatest  reason 
why  no  purely  analytical  solution  to  the  problem  is  current¬ 
ly  available.  Empirical  solutions  exist  and  the  effects  of 
easily  isolated  variables  are  quite  well  known;  The  most 
easily  isolated  variables  are  the  characteristics  of  the 
penetrator  and  the  energy  that  the  penetrator  delivers  to 
the  soil;  The  variables  that  are  difficult  to  isolate  and 
control  are  the  properties  of  the  target  soil  itself. 

Historical.  Background 

Semi-analytical  Approaches .  Early  attempts  at  develop¬ 
ing  soil-penetration  equations  started,  with  Newton’s  equa¬ 
tion  .of  motion  in  the  forny 

Mg  -F  =  Ma^  (1) 

.where  M  -  mass  of  a  projectile  and  the  soil  traveling 
with  it . 

g  =  acceleration  due  to  gravity 
F  =  soil  resistance  force 
a  =  projectile  acceleration 

r 

(ref.  28:2) 

From  this  point,  most  early  investigators  neglected 


the  gravity  force  and  the  mass  of  soil  traveling  with  the 
projectile  ..and  redefined  Eq.  (1)  as 


*  -v-  V-  •  --J  _r  -  w  -»-s*  -  •  - "TT!  •-  ”?i-"V 
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F  =  -M  V^I 
P  dz 


where  was  the  mass  of  the  projectile,  V  was  velocity,  and- 
z  was  the  depth  the  projectile  traveled  into  the  target;  - 
The  functional  form  of  the  soil  resistance  force  was; 
then  assumed.  Under  the  assumption  that  the  sqil  target  v/as 
homogeneous  mass,  considerations  of  fluid,  dynamic  drag- 
yielded  a  resistance  force  (Ref.  7)  of  the  form 


F  -  a  +  bV  +  cV 


*  (3) 


where  a,  b,  and  c  were  constants.  Various  formulas  for  max¬ 
imum  penetration  resulted  from  different  assumptions  about 
the  constants. 

One  of  the  most  widely  used  equations  of  this  form  was 
that  of  Jean  Poncelet  as  discussed,  by  Young  (Ref.  28).  He 
assumed  a  soil  resistance  force 


F  =  f-^z).  f2(V) 


where 


f^(z)  -  kA 


f?(V)  =  a  +  bV 


(A  =2cross-sectional  area) 


in  which  a,  b,  and  k  were  constants.  The  resulting  equation- 
for  maximum  penetration  was 


Pm  =  21blc  ln 


[14^] 
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Where  p^  =  maximum  penetration 

■W  =  projectile  weight 
VQ=  impact  velocity 

Investigators  have  since  worked  with  the  Poncelet 
equation  in  attempts  to  evaluate  the  constants  for  different 
soils  and  soil  conditions.  In  1910,  Petry  (P.ef  28)  experi¬ 
mentally  evaluated  the  constants  and  developed  an  equation 
that  has  since  been  used  extensively, 
the  form 

Pm  '  I  K  loe10  [X 

where  K  was  a  constant  which  described  the  penetrability  of 
the  soil  target. 

-A  recent  innovation  to  the  form  of  the  soil  resistance 
force  was  the  assumption  by  H.  J.  Moore  (Ref.  20)  that  the 
force  was  proportional  to  the  confining  pressure  on  the 
■.soil.* 

Moore  developed  an  equation  to  predict  maximum  penetra¬ 
tion  by  integrating  the  resistance  force,  F  =  Kpgz,  to  a 
depths  Pm,  and  equating  the  resulting  work  to  the  kinetic 
energy  of  the  projectile  at  impact.  (Se.e  Appendix  E.)  The 
equation  was 


*  Confining  pressure  varies  with  depth,  soil  density,  and 
gravitational  acceleration.  It  is  defined  by  the  expression 
P  =  pgz,  where  P  is  confining  pressure,  p  is  soil  density, 
and  z  is  depth  into  the  soil.  (See  Ref.  24:184-200.) 


The  equation  was  of 


V0 


215,00uJ 


(6) 


6 


•v  O  J-  >  *A>  A 


CT.r . 
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(7) 


where  Pp*  projectile  mass  density 

K'  =  a  constant 
L  =  projectile  length 

Moore's  equation  has  been  shown  (Ref.  20:44)  to  give 
good  fit  to  a  set  of  low  velocity  penetration  data-  obtained, 
by  Sandia  Laboratories  (Ref  29). 

The  dependence  on  gravity  and  soil  density,  evident  in 
Moore's  equation,  was  a  change  from  the  semi-analytical 
equations  previously  discussed.  The  dependence  on  gravity 
in  these  other  equations  was  usually  found  in  the  weight  of. 
the  projectile,  while  dependence  on  soil  density  was  hidden 
in  the  various  constants. 

Discussion.  The  thing  that  has  prevented^  a  completely 
analytical  solution  to  the  problem  has  been  lack  of  know¬ 
ledge  of  the  exact  form  of  the  soil  resistance  force.  If 
this  form  were  known  and  if  it  were  integrable  oyer  the 
depth  of  penetration,  Eq.  (1)  would  yield  an  exact  solution. 
(See  Appendix  E.) 

Empirical  Approaches .  C.  W.  Young  (Ref.  28)  of  Sandia 
Laboratories  has  developed  a  completely  empirical  equation. 
His  basic  assumption  was  that  the  correct  form  of  the  ; 

equation  was 

pm  =  fl(N>  f2(A)  f3(w)  f4(v)  f5(s)  (8) 


7 
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where  N  *  projectile  nose-performance 

coefficient 
A  *  frontal  area 
W  *  projectile  weight 
V  =  velocity 

S  *  soil  constant  or  function 
The  results  of  more  than  200  full-scale  earth  penetra¬ 
tion  tests  were  used  by  Young  to  evaluate  the  five  functions 
of  Eq>  (8).  The  resulting  equation  was  (for  velocities  less 
than  200  feet  per  second) 


Pm  -  0.53  SN~  In ( 2V* *,10** 5  +2 ) 
m  A  ° 


Soil. 


L*  Little  work  has  .been  done  to  isolate 


the.  effects  of  specific  soil  properties  on  the  .penetration 
process  i.  Nearly  ail  existing  equations  lump  soil  proper¬ 
ties,  into  a  constant  or  function.  The  Moore  equation  (Eq. 
(7)'  )  is  an  example  that  shows  explicit  dependence  on  soil 
density.  An  equation  attributed  to  Nara  and  Chem  (Ref.  11) 
.shows  dependence  on  both  density  and  angle  of  internal 
friction.  This  equation  is 
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where 


Rf-  frontal  radius  of  projectile 


b  =  a  constant 
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N^,^*  bearing  capacity  factors  (functions 
of  angle  of  Internal  friction) 

Though  it  is  not  experimentally  or  analytically  proven, 
one  must  expect  the  shear  modulus  of  a  soil  to  h£ve  an 
effect  on  maximum  penetration  since  the  primary  mode  of 
failure  in  soils  is  most  often  shear «  This  is  especially 
true  of  granular  soils  (Ref.  22:14).  .  - 

The  dynamic  nature  of  the  problem  should  make  it  de¬ 
pendent  on  compresslonal  and  shear  wave,  velocities  as  well.; 

Conclusions .  The  following  general  conclusions  can  be 
stated: 

1.  Maximum  penetration  is  proportional  to  projectile 
mass  and  inversely  proportional  to  cross-sectional 
area. 

2.  Maximum  penetration  is  proportional  to  the  impact 

c  " 

velocity  of  the  projectile. 

3.  Maximum  penetration  is  inversely  proportional  to- 
soil  density. 

4.  Maximum  penetration  is  affected  by  the  shape  of 
the  nose  of  the  projectile. 

5.  Maximum  penetration  can  be  related  to  different 
soils  through  a  constant  or  function  which  is  dependent 
on  the  properties  of  the  soils.  The  soil  properties 
which  make  up  this  constant  or  function  are  not  com¬ 
pletely  known. 
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III.  Gravity  Effects  on  Soil  Properties 
Soil  properties  are  the  only  parameters  that  will  be 
altered  when  a  penetration  takes  place  at  a  different  gravi¬ 
ty  level.  The  characteristics  of  the  projectile  are  fixed, 
and  the.  energy  that  the  projectile  brings  to  the  target  is 
fixed  (neglecting  potential  energy) .  Changes  in  maximum 
penetration  can,  therefore,  be  attributed  to  changes  in  the 
properties  of  the  soil.  Some  soil  properties  are  known  to 
be  functions  of  gravity.  They  are  discussed  in  this  sec¬ 
tion. 

Shear  Strength 

/The  yield  strength  of  a  cohesionless  medium  is  the 
shear  Strength  of  the  material  because  shearing  is  the  pri¬ 
mary  mode  of  failure.  The  shear  strength  on  any  plane  in  a 
cohesiqniess  medium  is  directly  proportional  to  gravity 
(Ref..  1:3-9%. 

Shear  Modulus 

The  shear  modulus  of  a  material  is  defined  as  the  ratio 
of  shear  stress  to  shear  strain  (Ref.  6:129).  The  shear 
modulus  of  Ottawa  Sand  has  been  shown  (Ref  8)  to  be  a  func¬ 
tion  of  gravity.  Figure  1,  on  the  following  page,  is  a 
graph  of  the  variation  of  shear  modulus  with  gravity  for 
Ottawa  Sand  from  B.  0.  Hardin  (Ref.  8). 

iCompresslonai  Wave  Velocity  _ 

Compressional  waves  are  developed  in  cohesionless  media 
by  penetration  events.  They  seem  to  be  important  to  the 


10 


r*.  *  *x4t 


gsf/mc/69-6 

process  (Ref.  3).  Allen,  Mayfield,  and  Morrison,  in  experi¬ 
ments  with  Ottawa  Sand,  noted  that  the  drag  coefficient 
changed  abruptly  as  the  velocity  of  the  projectile  in  the 
sand  reached  the  compressional  wave  velocity ‘of  the  sur¬ 
rounding  matter.  Th:-.s  indicated  two  different  regions  of 
penetration  that  were  described  by  different  equations.  The 
variation  of  compressional  wave  velocity  with  gravity  (con¬ 
fining  pressure)  is  shown  in  Figure  2  on  the  following  page. 

Velocities  in  this  work  remain  below  the  compressional 
wave  velocity  of  'the  Ottawa  Sand  at  all  times. 

Other  properties  of  the  sand  are  not  expected  to  vary 
with  gravity-.  Mass  density,  water  content,  and  void  ratio 
■certainly  will  not.  (See  Appendix  B). 

Previous  Gravity  Work 

The  effects  of  gravity  on  results  in  other  experiments 
Involving  dynamic-loading  of'  cohesionless  media  have  been 
reviewed.  The  effects  on  simulated  meteorite  impact  craters 
•were  studied  by  Smith  and  Franklin  (Ref.  22).  Moraski  and 
Teal  (Ref;  19)  used  deflagrating  explosives  to  study  crater¬ 
ing.  in  Ottawa  Sand  at  different  depths  of  burst  over  a  range 
o f  gravities.  Victorov  and  Stepenov  (Ref.  25)  used  acceler¬ 
ated  frames  to  vary  gravity  while  studying  cratering  in 
moist  sand  at  1,  25>  ^5>  and  66  g.  The  results  of  the  first 
two  experiments  gave  a  range  of  dependence  which  increased 
as  ‘the  scaled  depth  of  burst  of  the  explosive  increased. 

The  dependence  noted  by  Victorov  and  Stepenov  was  slightly 
less. 
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Figure  3,  page  15,  is  a  log-log  plot  of  crater  diame¬ 
ter  versus  gravity  at  a  one  inch  scaled  depth  of  burst  as 
determined  by  Moraski  and  Teal.  The  range  of  slopes  from 
their  experiment  was  from  -0.11  to  -0.16',  varying  with 
scaled'  depth  of  burst. 

Lynch  and  Higgins.  (Ref.  13)  performed  bearing  capacity 
tests  on  Ottawa  Sand  at  varying  gravity  levels  and  found 
that  bearing  capacity  increased  with  gravity.  Their  exper¬ 
iment  used  very  small  loading  rates  and  may  have  been  a 
static-loading;  problem. 

The  Russians  I.  I.  Cherkasov,  et  al  (Ref.  5)  discussed 
the  results,  of  a  soil  penetrometer  experiment  aboard  the 
automatic  lunar  station  Luna  i3.  They  determined  that  pene¬ 
tration,  would  increase  with  decreased  gravity  such  that  a 
penetrometer  would  penetrate  l.,7  times  deeper  on  the  lunar 
surface  than,  on, the  earth. 
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IV.  Description  of  the  Experiment 

Based  primarily  on  the  previous  two  sections  of  this 
paper-,  an  experiment  was  designed  and  performed  to  determine 
the  effects  of  gravity  on  maximum  penetration  in  Ottawa 
Sand.  A  general  description  of  the  experiment  is  given  in 
this  section. 

Materials 

The  primary  material  in  the  experiment  was  Density 
Sand,  CM-501,  obtained  from  Soiltest  Corporation,  Evanston, 
.Illinois.  It  was  used  as  a  representative  cohesionless 
medium  because  of  its  lack  of  moisture,  its  stable  void 
ratio,,  and  its  cleanliness.  These  properties  are  detailed 
-and  discussed  in  Appendix  B. 

Compressed  air  was  used  as  the  propellent  to  produce 
impact  velocities.  It  was  stored  in  a  standard  2000  psi 
pressure  bottle. 

Equipment 

A  detailed  description  of  all  equipment  is  found  in 
Appendix  G.  It  basically  consisted  of  an  air  gun  which 
fired  projectiles,  at  measured  velocities  into  a  bed  of  sand. 
Additional  equipment  consisted  of  firing  circuitry  and 
velocity  measurement  systems. 

The  basic  projectile  configuration  was  an  aluminum 
cylinder  with  a  flat  nose.  The  basic  impact  velocity  was 
about  1300  cm/sec.  - 

Gravity  simulation  was  obtained  aboard  an  aircraft 
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which  flew  controlled  parabolic  maneuvers. 

Test  Aircraft .  The  aircraft  used  to  provide  gravity 
simulation  was  a  United  States  Air  Force  KC-135A,  operated 
by  the  Directorate  of  Flight  Test,  Aeronautical  Systems 
Division,  Wright-Patterson  AFB,  Ohio.  It  flew  parabolic 
maneuvers  during  which  the  values  of  0.17,  0.38,  and  2.00  g 
were  attained  with  an  accuracy  of  plus  or  minus  0.01  g. 

The  average  duration  of  the  altered  gravity  condition  was 
about  30  sec,  except  for  the  2.00  g  maneuvers  which  lasted 
about  10  seconds. 

The  requirements  and  limitations  presented  by  this 
aircraft  were  largely  responsible  for  the  design  of  equip¬ 
ment  and  procedures. 

The  experimental  package  was  limited  in  size  by  the 
dimensions  of  the  fuselage  of  the  aircraft  and  the  size  of 
the  cargo  hatch  through  which  it  had  to  be  loaded. 

Sand  particles  could  not  be  allowed  in  any  of  the 
electrical  or  mechanical  equipment  within  the  fuselage,  so 
the  target  bed  had  to  be  completely  contained.  All  equip¬ 
ment  and  instrumentation  had  to  be  braced  so  that  nothing 
would  tear  loose  under  a  load  of  16.00  g  along  the  roll 
axis  of  the  aircraft.  Vibrations  were  present  which  re¬ 
quired  that  the  equipment  be  designed  as  simple  and  durable 
as  possible.  Simplicity  and  durability  were  also  important 
because  the  experimental  package  was  transported  to  and 
from  the  aircraft  by  a  forklift . 

It  was  important  in  these  tests  that  the  manipulative 
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effort  required  of  the  experimenter  be  minimized.  This  was 
because  the  parabol-ic  maneuvers  of  the  aircraft  are  diffi- 
cult  to  adjust  to  and  often  produce  nausea.  Although  one 
becomes  accustomed  to  the  experience  with  time,  true  comfort 
is  impossible.  The  detrimental  effects  on  the  experimenter 
'of  performing  in  an  environment  with  rapidly  changing  g 
values  were  anticipated  and  the  experimental  procedure  was 
simplified  as  much  as  possible. 

Plywood  Enclosure.  Safety  requirements  dictated  that 

sand. particles  could  hot  be  allowed  in  the  fuselage  of  the 

aircraft.  A  plywood  container  for  use  in  aircraft-borne 

experiments  had  been  constructed  previously  (Smith  and 

: Franklin,  1967;  Moraski  and  Teal,  1965).  The  same  container 

•was  adapted  for  this  work.  It  contained  all  of  the  equip- 

r  \  7 

/ment  with  the  exception  of  the  compressed  air  supply  line, 

gauges  and  valves  j;  the  solenoid  triggering  circuit;  and  the 

camera  equipment.  (See  Appendix  C. ) 

Air  Gun.  The  air  gun  used  to  fire  the  projectiles  was 
designed  and  constructed  at  the  Air  Force  Institute  of 
;  Technology.  (See  Appendix  C;)  It  was  basically  a  pressure 
chamber  that  was  sealed. only  when  a  projectile  was  held  In 
the  barrel. 

Triggering  was  done  electrically  with  the  pull  of  a 
solenoid.  This  method  was  used  because  a  nearly  constant 
trigger  pull  was  needed  for  consistency  in  the  velocities 
produced  at  a  given  chamber  pressure  (Ref.  23). 

Projectiles .  The  projectiles  were  cylindrical  in 
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general  shape  and  were  constructed  from  either  aluminum  bar 
stock  or  tubing.  Replaceable  noses  were  made  for  each  of 
the  projectiles,  one  flat  and  the  other  hemispherical. 

Four  basic  configurations  were  thus  possible  and  were  desig¬ 
nated  Al-l-F,  Al-l-R,  A1-2-F,  and  A1-2-R.  Al-1  referred  £0 
the  heavier  body  (made  from  bar  stock)  and  Ai-2  referred  to 
the  lighter  body  (made  from  tubing).  The  final  F  or  R  de^ 
noted  the  flat  or  the  round  nose.  Al-l-F  and  Al-l-R  weigh¬ 
ed  90.9  gm.  A1-2-F  and  A1-2-R  weighe.d  64.1  gm. 

A1-2-F  proved  to  be  the  projectile  which  penetrated 
the  least  at  a  given  impact  velocity  in  the  laboratory. 

For  the  remainder  of  this  paper,  references  to  the  basic 
projectile  will  be  references  to  the  A1-2-F  configuration. 

Target  Bed.  The  size  of  the  box  which  held  the  sand 
target  was  chosen  to  negate  boundary  effects.  The  upper 
limit  on  its  size  was  the  space  available  within  the  enclos¬ 
ing  box,  with  reductions  made  for  the  space  to  be  occupied 
by  the  air  gun  and  other  equipment.  The  dimensions  were 
determined  during  preliminary  testing  by  trying  sand  beds 
of  graduated  size.  A  small  bed  was  penetrated  initially 
and  progressively  larger  beds  were  tried  until  no  apparent 
change  was  observed  in  the  maximum  penetration  of  the 
basic  projectile  at  1300  cm/sec.  This  occurred  with  a 
cubical  container  chat  was  36  cm  on  each  side.  More  pene¬ 
tration  was  expected  at  lower  gravities,  so  an  arbitrary 
factor  was  incorporated,  bringing  the  dimensions  of  the  box 
up  to  61  cm  on  each  side. 
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The  container  for  the  sand  was  made  of  plywood.  It 
was  laid  on  the  floor  of  the  enclosing  box  and  seeurely 
braced. 

Procedures  and  Conduct 

Measurement  of  Impact  Velocity.  There  were  two  methods 
uised  to  measure  impact-  velocities.  The  simplest  method  re¬ 
corded  the  time  that  the  falling  projectile  shaded  a  photo 
diode  from  a  point  light  source.  This  time  was  used  to  cal¬ 
culate  an  average  velocity  over  a  drop  equal  to  the  length 
of  the  projectile. 

The  more  complicated  method  used,  high-speed  photo¬ 
graphy.  The  film  speed  was  monitored  to  give  a  time  base, 
and  a  grid  was  pre-exposed  onto  each  frame  of  -film  for  a 
distance  scale. 

The  results  of  the  two  methods  were  compared  and  found 
to  give  approximately  equal  velocities.  The  methods  were 
incompatible  because  of  the  intense  lighting  required  for 
the  high-speed  camera  and  could  not  be  used  together.  How¬ 
ever,  given  pressure  settings  produced  equal  velocities  as 
Pleasured  by  the  t;wo  methods. 

The  photo  diode  method  was  used  for  nearly  all  of  the 
preliminary  laboratory  testing.  The  high-speed  camera  was 
used'  for  all  tests  aboard  the  aircraft. 

Measurement  of  Maximum  Penetration.  Maximum  penetra¬ 
tion  was  measured  in  two  ways.  One  method  was  used  on  all 
tests.  It  used  a  scale  graduated  in  millimeters  to  deter¬ 
mine  how  much  of  the  projectile  remained  above  the  surface 
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of  the  sand  after  penetration  was  complete. 

When  high-speed  photography  was  used  to  measure  Impact, 
velocity,  the  penetration  could  be  read  directly  from  the 
exposed  film  by  noting  the  positions  in  the  grid  of  the  back 
of  the  projectile  at  impact  and  when  penetration  was  com¬ 
plete.  Maximum  penetration  was  the  difference  betifeen  the 
two  positions,  since  the  projectile  was  assumed  not  to  de¬ 
form  during  the  event. 

When  measurements  were  made  for  the  same  shot  with 
both  methods,  values  were  never  found  to  vary  more  than  0.25 
cm. 

Preliminary  Testing.  Extensive  ground  testing  was 
done  to  determine  the  optimum  container  size  for  the  target 
bed,  the  maximum  velocity  that  could  be  stopped  by  this 
container  size,  chamber  pressure-velocity  curves  for  the 
air  gun,  the  best  method  of  target  preparation,  and  the 
effects  on  maximum  penetration  caused  by  varying,  certain 
parameters  at  1.00  g  in  the  laboratory. 

Calculations  showed  that  the  two  feet  of  free  fall  of 
the  projectile  at  different  gravity  levels  would  not  cause 
the  impact  velocity  to  vary  appreciably.-  Since  this  was 
the  case  it  was  possible  to  get  an  almost  constant  impact 
velocity  over  a  series  of  impacts  by  only  once  adjusting 
the  pressure  in  the  gun  chamber  to  a  predetermined  value. 

Tests  by  other  persons  (Ref.  17)  had  indicated  that 
target  preparation  was  extremely  important  for  consistent 
data.  Each  penetration  caused  a  crater  to  form  and  greatly 
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disturbed  the  sand  around  the  impact  point.  To  prepare  the 
target  bed  for  the  next  shot,  it  was  found  that  the  follow¬ 
ing  procedure  gave  the  best  results: 

1.  The  projectile  was  taken  out  of  the  sand. 

2.  The  crater  which  remained  was  filled  with  fresh 
sand.,  piled  to  a  height  of  about  10  cm  above  the  normal 
surface  of  the  sand  bed. 

3.  The  mound  of  sand  was  slapped  and  remounded  25 
times  with  a  flat  aluminum  striking  plate. 

4.  The  surface  was  scraped  level. 

•  Since  a  great  deal  of  vibration  was  known  to  exist 
aboard"  the  aircraft  (Ref  22),  and  since  vibrations  would 
tend  to  settle  the  sand  bed  to  its  densest  state,  this 
densest  state  was  the  goal  of  the  procedure  described  above. 
The  density  of  the  sand  was  not  expected  to  change  more 
than  five  percent  (see  Appendix  B),  but  the  effect  of  such 
a  change  on  the  dynamic  properties  which  were  known  func¬ 
tions  of  density  (Section  III)  was  not  certain. 

"Time  had  to  be  conserved  aboard  the  aircraft  because 
of  the  expense  involved  in  flying  and  the  difficulties 
encountered  in  trying  to  schedule  flying  time.  A  definite 
sequence  of  tasks  was  developed  and  practiced  on  the  ground 
for  this  reason.  All  camera  related  tasks  were  assigned  to 
a  photographic  assistant.  Preparation  of  the  air  gun,  pro¬ 
jectiles,  and  sand  bed  was  divided  into  the  following  task© 
which  were  performed  by  the  author: 

1.  The  target  bed  was  prepared  and  leveled. 
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2.  The  projectile  was  chambered  in  the  air  gun.. 

3.  The  sequence  card  was  placed  in  the  card  clip  to 
identify  the  next  shot .  Information  of  the  card  in¬ 
cluded  the  projectile,  the  chamber  pressure^  the 
gravity  level,  and  the  sequence  number. 

k.  The  pressure  chamber  was  charged  to  the  correct 
pressure  and  the  shut-off  valve  was  closed. 

5.  The  box  was  shut  and  the  access  door  latched. 

6.  The  firing  cycle  was  initiated. 

7.  When  the  firing  cycle  was  complete,  the  door  was 
opened  and  the  penetration  was  measured  with  the  scale.. 
8-  The  routine  was  repeated  from  step  1. 

In  the.  laboratory,  the  procedure  required  about  three— 

minutes  to  complete.  This  was  less  than  the  time 'it  took 
> 

the  photographic  assistant  to  clean  and  reload  the  camera. 

4  # 

Total  time  for  one  shot  in  the  laboratory  was  therefore 
about  five  minutes. 

The  same  basic  procedure  was  followed  aboard  the  air¬ 
craft.  The  only  Important  addition  resulted  from  the  fact 
that  the  aircraft  commander  monitored  the  accelerometers  .in 
the  cockpit  and  had  to  inform  the  researchers  In  the  back 
when  the  gravity  level  had  been  reached.  He  did  this  by 
giving  the  command,  "Release”,  over  the  internal  communica¬ 
tions  system.  Step  6,  triggering  of  the  firing  cycle,  was 
held  until  this  command  was  heard. 

Aircraft  Environment .  The  cabin  pressure  in  the  air¬ 
craft  was  kept  at  about  63^  mm  Hg.  This  was  the  same  for 
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all  flights.  Some  lag  existed  during  the  parabolic  maneu¬ 
vers  but  is  probably  insignificant  and  is  neglected  in 
this  report.  The  temperature  in  the  cabin  was  kept  at 
approximately  60  degrees  Fahrenheit . 

Because  of  the  difference  in  ambient  pressure  between 
the  aircraft  and  the  laboratory,  a  number  of  shots  were 
fired  in  level  flight  for  comparison  with  the  laboratory 
tests.  The  inaccuracies  resulting  from  the  lack  of  precise 
control  of  gravity  in  level  flight  are  ignored. 

Quantity  of  Data.  A  total  of  105  penetrations  were 
recorded  at  1.00  g,  7  in  level  flight,  and  98  in  the  labora¬ 
tory.  27  usable  shots  were  fired  aboard  the  aircraft  at 
different  gravity  levels-. 

'All  of  the  data,  at  0.38  g  was  taken  on  the  first 
flight..  Data  at  0.17  and  2.00  g- were  taken  on  the  three 
following  flights.  Shots  in  level  flight  were  fired,  on 
each  flight.  The  data  from  all  recorded  penetrations  are 
tabulated  in  Appendix  A. 
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V.  Presentation  and  Discussion  of  Results 

In  this  section,  the  results  of  the  experiment  are  pre¬ 
sented  and  discussed.  The  three  phases,  in  order  of  appear¬ 
ance,  are  laboratory  test  results,  gravity  test  result’s, 
and  deceleration-time  curve  results. 

Laboratory  Test_  Results 

Testing  was  done  in  the  laboratory  i,o  learn  as  much  as 
possible  about  the  soil  penetration  event.  Many  shots  were 
fired  only  to  help  in  organizing  the  work  to  be  done  aboard 
the  aircraft.  Most  of  these  shots  were  spent  in  the  devel¬ 
opment  of  a  procedure  for  repairing  craters  in  the  sand  bed 
(Section  IV).  Others  were  used  to  obtain  chamber  pressure- 
velocity  curves  for  the  air  gun.  (See  Appendix  C.) 

Data  on  both  maximum  penetration  and  impact  velocity 
were  taken  for  105  shots  at  the  1.00  g,  gravity  level,  98  in 
the  laboratory,  and  7  in  level  flight  aboard  the  aircraft. 

14  shots  at  1.00  g  were  recorded  on  high-speed  film. 

There  seemed  to  be  a  significant  difference  between 
the  sample  means  of  the  maximum  penetrations  in  the  labora¬ 
tory  and  the  maximum  penetrations  in  level  flight.  The 
sample  mean  of  the  laboratory  penetrations  with  the  basic 
projectile  configuration  at  an  impact  velocity  of  1300  cm/ 
sec  was  11. 9  cm  with  a  standard  deviation  of  1.50.  For 
this  reason,  the  7  shots  at  1.00  g  in  level  flight  were 
used. exclusively  for  comparison  with  shots  fired  at  the 
different  gravity  levels  obtained  in  flight. 
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The  difference  noted  between  laboratory  and  level- 
flight  penetrations  can  possibly  be  explained  by  listing 
the  variations  in  experimental  environment .  The  most 
obvious  difference  was  in  ambient  pressures.  The  cabin 
pressure  maintained  aboard;  the  aircraft  was  less  than  lab¬ 
oratory  ambient  pressure  by  about  120  mm  Hg.  The  confining 
pressure  on  a  soil  element  at  a  given  depth  in  a  bed  of 
■cohesionless  sand  will  be  a  function  of  the  pressure  at  the 
surface  of.  the  bed.  The  effects  of  confining  pressure  on 
dynamic  soil  properties  have  been  indicated  in  a  previous 
section.  Reduced  ambient  pressure  would  imply  reduced  con¬ 
fining  .pressure  and  penetrations  would  be  expected  to 
increase.-  it  is,  doubtful,  however*  that  such  a  small  de¬ 
crease  in  ambient  pressure  would  be  enough  to  cause  the 
differences  in  penetration  observed  in  this  work. 

Changes  in  the  void  ratio  of  the  target  bed  could 
definitely  have  occurred  between  the  laboratory  and  the 
aircraft,  but  the  changes  should  have  densified  the  sand 
and  caused  less  penetration. 

Level  flight  in  the  aircraft  cannot  be  a  controlled 
gravity  maneuver,  and  it  is  conceivable  that  slight  pockets 
of  less  dense  air  were  encountered  by  the  aircraft  during 
the  shots.  Such  pockets  would  cause  the  aircraft  to  drop 
and  produce  a  condition  of  lowered  gravity. 

All  measurements  of  impact  velocity  were  made  from 
high-speed  film  for  the  shots  aboard  the  aircraft,  but  the 
majority  of  laboratory  velocities  were  measured  with  the 
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photo  diode  circuit .  There  may  have  been  a  consistent 
difference  in  impact  velocities  that  was  not  noticeable  in. 
the  two  measurement  systems. 

In  the  laboratory,  the  characteristics  of  the  project 
tile  and  the  impact  velocity  were  varied  in  attempting  "to 
correlate  observed  maximum  penetrations  with  the  predic¬ 
tions  of  existing  equations. 

Nose-Performance  Coefficients.  The  change  in  maximum 
penetration  between  a  flat-headed  and  a  round-headed  projec¬ 
tile,  with  all  other  parameters  held  constant,  was  found  to 
be  different  than  was  predicted  by  Young  (Ref.  28:16). 

Young  determined  a  factor  of  0.56  for  a  flat-headed  projec¬ 
tile  and  0.72  for  a  round  headed  projectile,  based  on  a 
bullet-shaped,  9.0  CRH  tangent  ogive  nose  with  a  value  of 
1.00. 

Shots  51!  through  73 >  in  Table  IV,  Appendix  A,  were 
used  specifically  to  check  this  variation.  The  mean  pene¬ 
tration  of  A1-2-R  in  shots  5^1  through  63  was  12.3  cm,  that 
of  A1-2-P  in  shots  6H  through  73  was  11. 5  cm.  Assuming 
that  all  other  parameters  in  the  Young  equation  were  con¬ 
stant,  the  soil  constant  required  that  the  nose-performance 
■coefficients  for  the  flat-headed  and  round-headed  projec¬ 
tiles  be  0.60  and  0.6?  respectively. 

The  data  from  which  Young  extracted  his  values  was 
from  penetrations  with  projectiles  three  Inches  in  diameter, 
much  larger  than  the  diameter  of  A1-2-R  and  A1-2-P.  The 
importance  of  differences  in  nose  shape  seems  to  decrease 
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as  the  body  diameter  of  the  projectile  decreases. 

Soil  Constants .  The  soil  constants  for  the  Petry, 
Moore,  and  Young  equations  (Eqs.  (6)*  (7)>  and  (9)  )  were 
determined  from  the  observed  penetrations  of  the  basic 
projectile  at  an  impact  velocity  of  1250  cm/sec.  Each 
equation  was  forced  to  predict  the  sample  mean  of  11.9  cm 
with>  all  parameters  except  the  soil  constant  either  known 
or  assumed.  The  constants  were  the  following: 

Petry  -K  =  0.281  (cm^gm) 

i 

r  Moore  -K*  =  0.0017 (sec/cm2) 

Young  -S  =  1.70  (dimensionless) 

.  The  Nara  equation  (Eq.  (10)  was  also  solved  for  the 
-value  of  it?  constant  using  the  same  data.  Solution  by 
computer  was,  required,  and  the  value  of  b  was  found  to  be 
0.001  gm/cm3 

With  these  values  of  the  soil  constants,  the  equations 
were  plotted  over  a  range  of  impact  velocities  and  the  data 
from  shots  31  through-  53  were  plotted  against  the  resulting 
curves.  The  graphs  are  found  in  Figures  *1,  5»  6,  and  7  on 
■the  following  four  pages.  Shots  31  through  53  include  data 
from  both  Al-l-F  and  A1-2-F  penetrations.  They  differ  only 
in  projectile  mass,  so  curves  for  each  mass  are  drawn  for 
each  of  the  four  equations. 

Gravity  Testing 

In  the  section  on  laboratory  testing,  it  was  pointed 
out  that  a  difference  was  noted  between  the  maximum 
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penetrations  of  1.00  g  shots  with  the  basic  projectile  in 
the  laboratory  and  1.00  g  shots  with  the  same  projectile  - 
during  level  flight.  1.00  g  shots,  1  through  7  only,  are 
included  in  this  section.  In  this  way,  the  factors  that 
caused  the  difference  in  penetration  should  act  on  each 
shot  aboard  the  aircraft  and  not  mask  variations  due  to 
gravity. 

Cratering.  A  crater  was  formed  in  the  sand  with  each 
penetration.  Although  measurements  were  not  made,  crater 
dimensions  seemed  to  Increase  with  decreasing  gravity.  The 
high-speed  films  showed  that  the  crater  in  each  shot  did 
not  begin  to  form  immediately  at  impact,  but  that  formation 
was  delayed  a  significant  time.  It  appeared^  that  the  pro-, 
jectile  had  nearly  come  to  rest  before  a  noticeable  amount 
of  ejecta  was  thrown  from  the  forming  crater. 

Maximum  Penetration  Versus  Gravity  Level.  Time  and 
scheduling  difficulties  restricted  the  amount  of  data  that 
could  be  taken  at  different  levels  of  gravity  aboard  the 
aircraft.  Por  this  reason,  the  basic  projectile,  A1-2-P, 
at  an  impact  velocity  of  1300  cm/sec  was  the  only  arx*ange- 
ment  that  was  tested  at  each  gravity  level  enough  times  to 
draw  statistical  conclusions  about  the  resulting  penetra¬ 
tions.  The  following  table  is  a  collection  of  the  penetra¬ 
tions  used  to  obtain  results  indicated  in  this  section: 
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TABLE  I 


Maximum- Penetration  vs  Gravity  Level 
(A1-2-F,  1300  cm/sec) 


GRAVITY 

LEVEL 

NUMBER 

OF 

SHOTS 

RANGE 

(cm) 

MEAN 

(Pm> 

(cm) 

STANDARD 

DEVIATION 

2.00  g 

8 

10.9-16.5 

13.2 

2.1 

1.00  g 

6 

12.4-16.0 

14.6 

1.5 

0.38  g 

10 

15.5-16.7 

15.9 

0.3 

0.17  g 

8 

17.7-19.3 

18.6 

0.5 

A  least  squares  fit  was  made  to  the  data  from  Table  I 
after  the  data  was  plotted  oh  log-log  graph  paper.  The 
graph  is  shown  in  Figure  8  on  the  following  page.  The  slope 
;of  the  straight  line  fit  was  0.14,  identical  to  the  results 
obtained  by  Smith  and  Franklin  and  by  Moraski  and  Teal  for 
a  one  inch  depth-of-burst  (Ref  10). 

The  equations  of  Petry,  Moore,  Young  and  Nara  were 
compared  to  the  observed  penetrations.  The  equations  of 
-  Petry  and  Young  had  gravity  dependence  only  in  the  weight 
of  the  projectile.  This  simple  prediction  was  obviously  in 
error  and  the  two  equations  were  not  plotted  against  the 
data.  The  equations  of  Moore  and  Nara  showed  an  inverse 
dependence  on  gravity.  They  were  plotted  against  the  data 
of  Table  I.  The  graphs  are  found  in- Figures  Q  and  10  on 
page  36.  In  these  plots,  the  soil  constants  determined  in 
the  previous  section  are  assumed  Independent  of  gravity  and 
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used  to  calculate  the  predicted  values  over  the  range  of 
gravities . 

Time-to-Complete  Penetration  vs  Gravity.  The  hiighr- 
speed  photography  method  of  measuring  impact  velocity 
allowed  measurement  of  the  time  spent  by  the  projectile 
traveling  in  the  bed  of  sand.  This  time  was  defined  as-tm. 
A  variation  of  tm  with  gravity  was  noted  when  the  following 
table  of  mean  time-to-complete-penetration  versus  gravity 
was  construct 


TABLE  II 

Time-to-Complete-Penetratlon  vs  Gravity 
(A1-2-F,  1300  cm/sec) 


GRAVITY 

t 

m 

(g) 

(msec) 

2.00 

16.86 

1  -CO 

2^.70 

0.38 

27.99 

0.17  X 

32.78 

The  data  of  Table  II  was  plotted  on  semi-logarithmic 
graph  paper  (Figure  11,  page  38)  and  found  to  fit  a  straight 
line  determined  by  the  least  squares  method.  The  intercept 
and  slope  of  this  line  were  used  to  develop  an  expression 
for  tm  as  a  function  of  gravity.  The  expression  was 

tm  =  33.7e~-341S  (11) 
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which  indicates  a  definite  relationship  between  gravity  and 
the  time  required  to  stop  a  projectile  penetrating  a  cohe¬ 
sionless  medium. 

Maximum  Penetration  vs  Time-to-Complete-Penetration . 

Pm  was  plotted  against  tm  for  each  shot  for  which  both  were 
determined.  The  graph  is  shown  in  Figure  12,  page  38.  The 
first-order  least  squares  fit  to  the  plotted  data  gave  a 
slope  and  intercept  which  dictated  a  relationship,  of  the 
form 

Pm  =  9.02e*02ltm  (12) 

which  indicated  a  relationship  between  maximum  penetration 
and  the  time  it  takes  a  projectile  to  reach  maximum  pene¬ 
tration  in  a  cohesionless  medium. 

Maximum  Penetration  Scaling  Law.  Equations  (11)  and 
(12)  were  combined  by  equating  tm  and  tm.  The  result  was 
a  relationship  between  Pm  and  g  of  the  form 

Pm  =  9 .02e’ 7 ie  (13) 

Eq.  (13)  predicts  the  values  of  maximum  penetration 
determined  by  this  experiment  for  the  conditions  under 
which  it  was  conducted.  It  is  a  gravity  scaling  law  but 
may  have  greater  usefulness..  Replacement  of  the  numerical 
factors,  which  apply  to  this  experiment,  with  undetermined 
constants  might  lead  to  a  more  general  equation  for  maximum 
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penetration. 

One  use  of  the  relationship  was  investigated.  Based 
-on  the  assumption  that  tm  and,  hence,  Eq.  (11)  were  inde¬ 
pendent  of  at  least  impact  velocity,  a  method  was  devised 
by  which  an  existing  penetration  equation  could  be  caused 
vt.o  agree  with  the  gravity  dependence  observed  in  this  ex¬ 
periment  . 

The  assumption  that  tm  was  independent  of  impact  veloc¬ 
ity  was  upheld  by  a  plot  of  these  variables  which  was  made 
for  each  shot  for  which  they  both  were  determined.  This 
plot  is  shown  in  Figure  13,-  on  the  following  page.  Further 

'  i 

support  was  obtained  in  a  conversation  with  Dr.  H.  J.  Moore 
(Ref.  18)  who  had  knowledge  of  an  uncompleted  work  that  had. 
Shown  the  same  intermediate  result. 

The  soil  constant  or  function  was  the  thing  that,  was 
expected  to  change  in  a  different  gravity  field,  so  a  logi¬ 
cal  method  of  approach  was  to  make  the  constant  that  appear¬ 
ed-  in  an  existing  equation  a  function  of fgravity. 

An  example  is  perhaps  the  best  way  to  show  the  pro¬ 
cedure  involved.  Moore’s  equation  can  be  modified  in  the 
following  way: 

1.  The  existing  dependence  on  gravity  is  treated  as 

a  terrestrial  constant  (unity).  Projectile  weight  thus 

becomes  mass. 

2.  Eq.  (13)  is  rewritten  as 

Pm  =  P0S»G(g)  (li|) 
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where  P0  is  Moore’s  equation  (Eq.  (7)  )  divided  by 
the  soil  constant;  K'.  G(g)  is  the  expression 

...  3*lg 

e  * 7 ie  (15) 


which  is  shown  plotted  in  Figure  14  on  page  43. 

S’G(g)  is  the  modified  soil  function. 

2.  The  value  of  S’  is  determined  by  equating  K’  and 
S’G(g)  at  Earth  gravity.  The  value  of  S’  for  Moore’s 
equation  is  0.00105* 

3.  S’G(g)  is  substituted  for  K’  in  the  original 
equation.  The  modified  Moore  equation  becomes 


P 


m 


S’G(g) 


££ 
P  i 


(16) 


A  plot  of  the  modified  Moore  equation  is  shown  in 
Figure  15  on  page  44. 

The  method  can  be  applied  to  any  existing  soil-penetra¬ 
tion  equation  unleVs  the  soil  constant  cannot  be  isolated. 

An  equation  modified  in  this  way  is  good,  however,  only 
under  the  conditions  which  applied  to  the  experiment. 

Further  applications  may  or  may  not  be  possible. 

Deceleration  Traces 

Distance-time  data  were  obtained  from  the  high-speed 
films  by  recording  the  position  of  the  back  end  of  the 
projectile  in  every  other  frame  from  impact  until  penetra¬ 
tion  was  complete.  (See  Appendix  D.)  Every  other  frame 
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gave  an  elapsed  time  o.^  0.62  msec  between  readings.  The 
number  of  data  points  per  event  varied  from  35  to  60  de¬ 
pending  on  the  magnitude  of  tm. 

To  obtain  deceleration-time  curves,  a  le‘ast  squares 
polynomial  fit  was  made  to  the  distance-time  data,  and  the 
resulting  expression  double-differentiated.  Polynomials 
from  order  1  to  order  10  were  fitted  to  each  set  of  data,  by 
a  computer,  and  the  best  fit  in  terms  of  root-mean-square 
residue  was  noted. 

The  fits  became  increasingly  better  with  increasing 
polynomial  order,  but  computer  plots  of  the  polynomials 
showed  that  from  order  7  to  order  10  the  functions  were  not 
monotonically  increasing  at  high  values  of  time.  Such 
curves  were  felt  to  be  unrealistic  because  no  bouncing  of 
the  projectile  during  penetration  had  ever  been  observed. 

In  all  cases,  the  sixth-order  polynomial  fit  had  the  least 
residue  and  was  chosen  as  the  best  depiction  of  the  actual 
function. 

Further  support  for  a  sixth-order  polynomial  fit  came 
from  the  computer-produced  plots  of  the  double-differen¬ 
tiated  functions.  Double-peaked  curves  were  produced  in 
all  cases.  This  general  shape  agreed  with  the  curves  pro¬ 
duced  from  low  velocity  penetrations  into  Ottawa  Sand  by 
previous  investigators  (Ref.  21,  26).  Samples  of  such 
curves  are  found  in  Figure  16,  on  the  following  page. 

Four  shots,  one  at  each  gravity  level,  were  chosen 
for  their  nearness  to  the  sample  mean  values  of  Pm  and  tm. 
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The  distance-time  data  from  all  four  shots  was  normalized 
to  the  forms  P/Pm  and  t/tm  and  plotted  on  one  graph..  The 
graph  is  shown  in  Figure  17  on  page  i|8.  There  was  no 
apparent  trend  in  this  plot'.  This  gave  support  to  the 
choice  of  one -functional  form  (the  sixth-order  polynomial! 
for  the  distance-time  expression  at.  all  gravity  levels.. 

A  computer  program  was  written  to  produce  sixth-order 
polynomials  of  best  fit  from  the  distance-time  data  of 
every  shot  fired  for  which  high-speed  films  were  available. 
The  program  would  also  double-differentiate  the  polynomial 
when  desired,  and  produce  a  continuous  plot  of  the  function 
It  plotted  all  data  points  on  the  plot  of  the  distance-time 
polynomial.  The  program  can  be  found  in  Appendix  F. 

Analysis  of  the  Deceleration  Curves .  Two  basic  curves 
were  generated,  They  were  designated  Type  I  and  Type  IT.. 
Type  I  curves  had  the  first  peak  deceleration  at  impact, 
and  the  Type  II  curves  took  some  time  to  reach  It.  The 
following  parameters  were  defined  and  read  from  each  curve: 
t^  =  time  to  reach  first  peak  (msec) 
a-^  =  magnitude  of  first  peak  (g) 
tv  -  time  to  reach  minimum  between  peaks  (msec) 
ay  =  minimum  between  peaks  (g) 
t2  =  time  to  reach  second  peak  (msec) 
a^  -  magnitude  of  second  peak  (g) 

Thirteen  Type  I  and  twelve  Type  II  curves  were  pro¬ 
duced.  At  least  one  curve  of  each  type  was  generated  from 
the  data  of  each  gravity  level.  Figures  18  through  33  on 
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Figure  18. 
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DECELERATION  VS  TIME 
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Figure  19. 
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PENETRATION  VS  TIKE 
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Figure  20. 
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Figure  21. 
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Figure  22, 
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PENETRATION  VS  TINE 
LEAST  SQUARES  FIT 
AL-2~F0.17G  NO  5 


Figure  30. 
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PENETRATION  VS  TIjME 
LEAST  SQUARES  FIT 
AL-2-F  0.17G  NO  2 


Figure  32 


TIME  (MSEC) 


Figure  33. 
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pages  -49  through  64  are  examples  of  each  type  ,pf  .carye  for 
each  gravity  level..  The  curve  parameters  .are  tabulated  io> 
Tables  yn  and  ym  in  Appendix  .a. 

The  following  trends  were  observed  in  the  averages  of 
the  parameters  at  different  gravity  levels:: 

A,  Type  I  carves 

1 ,  t^  was  always  zero>  tv  -was  about  32%  of  jtL, 
and  t2  was  .about  67%  of  tm  at  ail  .four  of  the 
gravity  levels, 

2,  av  increased  slightly  with  increasing  gravity, 

3,  a2  was  nearly  constant  over  the  range  of 
gravities, 

B,  Type  II  Curves 

1,  ?1  was  nearly  constant  over  the  gravity  ranges 

t^/tjjj  increased  with  increasing  gravity# 

;2,  ty  was  about  ,5’0%  of  tm  and  t2  about  .80%  of  t^ 
at  all  gravity  levels, 

3,  aj  increased  with  increasing  gravity, 

4 ,  av  increased  .with  increasing  gravity, 

5,  a  -increased  with  increasing.  gravity. 

Generally,  the  dece;leration'-time  curves  are  ..qualita¬ 
tively  like  those  that  have  been  produced  elsewhere  with 
accelerometers,  Quantitatively  they  are  Inconvect  in  some 
important  ways.  The  curves  do  not  start  at  impact  with 
zero  deceleration  and  the  deceleration  does  hot  go  tp  .zero 
at  A  negative  deceleration  at  impact  is  possible^ 

though  assumed  negligible  in  other  areas  of  this  work. 
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Zero  d eceler a tlon  at  the  and  pf  the  event  is  ..a  .definite 
requirement .. 

The  explanation  pf  errors  .in  the  ehrype  .must  in.cl.uda 
at  least  two  ppns.iderat  ipns ..  The  first  is  the  reading  error 
involved  ;in  obtaining  the  d is t  anee -time  data..  'The  .second 
is  the.  least  .squarea  polynomial  apprpximatipn  pf  the  true 
functional  form,,  in  an  attempt  to  overcome  the  second 
eourpe  of  error *  numerical  .differentiation  wa s  tried..  The 
size  pf  the  reading  error.,  however,  imade  the  results  unin- 
teiiigihle; 
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'VI..  .Conclusions  and  -Re commendations 

Terrestrial  penetration  .Into  iCohe  signless  ?Media 

The  following  conclusions  can  she  drawn  from  the  re¬ 
sults  of  this  experiment:: 

1.  The  .soil  constant  or  function  l-js  the  least  ’Well- 
defined  variable  in  the  problem:. 

;2..  Exact  determination  of  the  flor.m  of  the  iso.il  resis¬ 
tance  fprp.e  -.would  yield  an  exact  eolation  to'  the 
problem.. 

3.*  The  inosetshape  of  the  projectile  affects  the  imaxi- 
•mum  penetration  that;  sell!  result  from  .impacting  a 
co.he.sio.nles.s  >medi.ufli  at  low  ’velocity.*  'The  importance 
of  rc.se-shape  is  ^greater  for  projectiles  of  larger 
body  diameter.. 

-t.  Eigures  t,  and  '(  on  pages  ;29  through  32,, 

indicate  that  J.o.ung;’s  empirical  equation  is  the  h.est 
fit  to  the  .observed  penetrations  pf  this  experiment.. 
The  dependences  pn  impact  velocity  and  projectile 
mas.s  are  be.st  described  iby  XoungXs  eguafelon  in  the 
ranges  .covered  by  this  experiment..  'Moore  is  equation 
is  the  best  semi-analytical  equation  of  the  three 
.described  in  this  wprjc.. 

Gravity  .Effects 

The  following  conclusions  .can  be  drawn  from  this 
experiment:: 

1..  An  inverse  relationship  exists  between  maximum 
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penetration  and  gravity. 

2..  The  soil  .constants  of  terrestrial  soil— penetration 
.equations  are  functions  of  gravity..  They  can  be  modi¬ 
fied  by  a  function,  G ( g) so  that  the  equations  agree 
.wi.th  the  results  of  this  experiment  in  the  range  of 
jjgravi.ty  levels  and  impact  velocities  that  was  investi¬ 
gated,. 

3.*  At  l.,:0.0  -g.,  the  time  -to -complete  ~te.ne  tr  at  ion  is  a 
very  weak  function  of  impact  velocity  and  may  be  assum¬ 
ed  independent  of  impact  velocity  .over  the  'range  of 
velocities  of  this  work.. 

t.  -An  inverse  relationship  exists  'between  time-to- 
compiete-pehetratlon  and  -gravity.. 


■Deceleration-Time  'Curves 

•No  definite  conclusions  can  be  drawn  from  the  results 
of  the  deceleration-time  c.ur.ve.s  that  were  developed  in  this 
paper;.  The  trends  that  were  moted  in  the  results  eection 
of  this  paper  are  valid  in  that  they  described  the  'varia¬ 
tions  -of  the  averaged  curve -parameters  o.v.er  the  gravity 
range,.  The  errors  in  the  curves  and  the  method  in  .which 
they  were  produced  make  conclusions  without  further  inves¬ 
tigation  hazardous . 

.General  -Conclusions 

The  .similarity  of  the  gravity  dependences  found  in 
previous  works  might  be  significant..  In  the  previously 
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described  work  of  Smith  .and  Franklin,,  'the  emount  of  energy 
that  was  input  to  ’the  Ottawa  .Sand  ,w.as  .approximately  10li0 
ergs  per  detonation,.  The  overage  input  of  ‘this  experiment 
was  10 8  ergs  per  impact..  The  ;r.eal  .differences  in  the  -ex¬ 
periments  were  differences  in  .loading  -rate..  'The  conclusion 
can  perhaps  lbe  drawn  that  loading  rate  does  mot  .signifi¬ 
cantly  affe.ct  the  gravity-dependent.,  dynamic  .properties  cof 
cohesionless  media. 

The  .previously  described  experiment  of  lynch  :and 
Higgins  (Ref.  13)  was  perhaps  a.  static  problem  '(-.change  of 
bearing  capacity  of  .cohesionless  media  with  gravity)  in 
which  the  bearing  .capacity  -was  found  .directly  ^proportional 
to  gravity,.  The  .difference  -between  this  work  yand  the  others 
is.,  perhaps.,  that  compressional  -and  .shear  waves  .were  mot 
set  .up  in  the  sand  during  the  event..  This.,  -:along  '.with  the 
evidence  of  Allen,  Mayfield,,  .and  Morrison.,  Ref.  ;2)  indi¬ 
cates  that  the  gravity  effects  on  shear  and  oompr.e ssional 
wave  velocities  might  be  of  major  -importance  to  the  overall 
gravity  effect  observed  in  the  dynamic  experiments.. 

Recommendations 

1.  further  work  in  coil— penetration  should  -be  aimed 
at  finding  the  exa„ct  form  of  .the  .soil  resistance  force 
and  the  soil  properties  of  which  it  is  composed.* 

2.  More  investigation  should  be  done  on  the  variation 
of  deceleration-time  traces  with  gravity. 

3.  The  effects  of  gravity  on  low  velocity  penetration 
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into  other  types  of  soil  should  be  investigated. 

4.  Higher  penetration  velocities  should  be  investi¬ 
gated  with  emphasis  on  the  range  of  velocities  that  is 
near  or  above  the  compressional  wave  velocity  of  the 
target  medium. 
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Appendix  A 
Tabulated  Raw  Data 

The  following  pages  contain  tabulated  raw  data  from 
both  the  laboratory  and  flight  phases  of  the  experiment. 
The  sequence  numbers  apply  to  shots  at  a  given  gravity 
level.  They  are  chronological  within  each  level. 
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TABLE  III 

Penetration  Data:  2.00  £ 
(Ottawa  Sand) 


SEQUENCE 

NUMBER 

PROJECTILE 

vo 

(cm/sec ) 

Pm 

m 

(cm) 

fcm 

(msec) 

1 

A1-2-F 

1371 

12.1 

18.30 

2 

1371 

11.6 

14.88 

3 

If 

1331 

10.9 

16.12 

4 

t! 

1277 

11.0 

14.88 

5 

!! 

1344 

16.5 

25.42 

6 

II 

1424 

16.5 

25.42 

7 

II 

1387 

14.7 

21.70 

8 

It 

1*108 

15-3 

23-56 

9 

If 

1177 

•  15.5 

28.04 

10 

It 

1280 

13.7 

21.70 
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TABLE  IV 


Penetration  Data:  1 .00  g. 
(Ottawa  Sand) 


SEQUENCE 

NUMBER 

PROJECTILE 

, 

Vo 

(cm/sec) 

Pm 

(cm) 

t 

m 

(msec) 

1* 

A1-2-F 

1312 

13.4 

21.08 

2* 

H 

1248 

12.4 

19-84 

3* 

It 

1390 

16.4 

27-90 

4* 

t! 

1315 

16.0 

29.76 

5* 

,ii 

1395 

16>0 

26.04 

6* 

ti 

1376' 

14.7 

23.56 

7* 

Al-l-F 

1277 

13.3 

18.60 

8 

A1-2-F 

937 

11.7 

25.90 

9 

ft 

895 

10.7 

24.60 

10 

ii 

937 

9*9 

22.10 

11 

: 

1250 

11.3 

20.50 

12 

If 

1125 

11.8 

20.50 

13 

If 

1365 

12.5 

20.80 

14 

1! 

1375 

12.9 

22.10 

*  =  fired  in  level  flight 
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1290 

1^00 

1690 

1120 

1290 

1500 

1620 

945 

1100 

1270 

1410 

930 

1080 

1240 

1380 

847 

837 

1140 

1140 

1270 
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TABLE  IV  (cont . ) 


SEQUENCE 

HUMBER 

*  PROJECTILE 

Vo 

(cm/sec) 

P 

(cm}) 

37 

A142-F  | 

147.0  j 

14,4 

.38 

in 

147.0  ! 

1 

14,9 

3.9' 

Al-l-F 

943  'l 

14,3 

46x 

' 

943 

} 

13,6 

4.1 

If 

'  ’I 

930 

13,2 

i*2 

114.0  | 

j 

13,4 

93,  j 

>,j  i 

- 

11-20  i 

13,8 

m- 

ti 

■ 

1130  ; 

14,0 

45 

n 

1240  : 

.i4,>8 

•  #  ■ 

■;  ,u 

V 

1225  ; 

f 

15*2 

.  ,  47  ^ 

■  .AT-2-F 

*  f. 

1245  j 

15, 9 

>  A 

’  „  48,  ,  ; 

A1~1~F 

930  : 

19,4 

.49  . 

*  **!’ 

930 

1317 

50 

930 

,  1:3  vi 

51 

AW-F 

8.35 

11,5 

52 

tt 

1120  ; 

11,6 

53 

t!  ' 

« 

1270 

12,0 

54 

Al— 2-R 

1320 

12.2 

55 

tt 

1330 

12.3 

56 

it 

1330 

12.3 

57 

ti 

1320 

12,3 

58 

it 

1320 

12,3 

59 

h 

1320 

12,3 

60 

tt 

1330 

12.4 
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5 

f 

* 

I 

ft 

i 

Jj 

% 


\ 

i 


■SEQUENCE  j 

NUMBER  i 

PROJECTILE  ! 

j 

¥  -j 

xO  ,  j 

6cm/s_ec;)  j 

IP . 

■m 

Icwi 

61  i 

i 

A1L~:2-® 

) 

1320  '  | 

12.4 

62  | 

*  i 

j 

1320  ] 

12.4 

63  ; 

,ti 

j 

? 

j 

13.30  j 

12  ..3 

m 

A1-2-F 

l 

1330 

11.(6’ 

■S3  j 

v  : 

’  i 

1 

1330  i 

1 

11.4 

66 

.11  ! 

1310  J 

11.3 

67  | 

iff 

1320 

11.4 

66 

ill  ! 

1 

‘  1330 

11.3 

69  ; 

II  i 

i 

1330  i 

\ 

11.4 

70  1 

ill  \ 

-  j 

1320  '  | 

11.(6 

71 

lit  1 

;  1 

1330  | 

11.6 

72 

i 

«  t 

1330  j 

11.6:' 

76  ; 

I 

.11  J 

1320  j 

11.6 

74  ! 

Al~£rR 

'  1240  j 

;  13.2 

7:5 

,n  i 

j 

1250  J 

13-2 

76 

.!•  i 

1 

1 

12-40 

:  13.1 

77 

iff  j 

1210  ! 

13.6 

76 

i 

:W 

1240 

12.6 

79 

(If  * 

• 

1 

1210  j 

12.5 

80  '  j 

If 

1240 

13-0 

81 

41 

i 

1240  j 

i 

13-0 

:8.2 

A1-2-.F 

1250  i 

12.0 

83' 

If 

1250 

11.7 

8  if 

!? 

1250 

11.7 

79 


£ 


GSF/MC/69-6 


TABLE  IV  ,(cont.) 


•SEQUENCE  i 

! 

i 

DJUMBER  j 

r 

'PROJECTILE  j 

1 

! 

« 

i 

V  j 

0  ! 

.(.cm/,s.e.c')  j 

•P 

m 

4cm;) 

45  i 

j 

.A1-2-F 

j 

1250 

11. ..6 

M 

Mt  | 

125.0 

Tl..t6 

187  | 

! 

1250  j 

j 

11..  4 

188  j 

i 

- 

125-0  j 

) 

11.5 

iB$  ! 

i 

ill 

i 

.12 50  j 

11. <6 

'  90 

AT— T— 31 

124.0 

14..1 

91 

i 

1240 

14.7 

:92 

...  ■ 

j 

124.0  j 

15..0 

93 

n»  i 

{ 

i 

| 

1230  | 

15  .*0 

94 

»  i 

T220 

l4,.:8 

9.5 

i 

ill 

T22.0 

14..,6 

96  j 

<11 

>  ; 

T220 

1 4-6 

97 

i 

i 

T230 

14.5 

98 

1 

M-SL-F 

1 

1240 

13.-0 

9.9  ’ 

t 

1-24.0 

! 

12;.. 8 

TOO 

J 

* 

1 

1250 

12.7 

TOT 

-  -  i 

* 

j 

12.60 

i2;,7 

10.2 

v  i 

" 

1270 

: 

T2./.7 

T03 

1240 

.  - 12.4 

104 

<ii 

1240 

; 

12..6 

105 

>ii 

1260 

12.6 

-wwaswa rf'SgassC'C, 
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TABLE  V 


■Penetration  jData:  0-38  ?g 
( Ottawa  .Sand) 


.'SEQUENCE  j 

i 

:NUMBER  j 

iPROiECTlLE  | 

■y<o  i 

s 

ucm/isec})  | 

2 

:m  ; 

6cm;)  j 

tfc.. 

?m 

{(imsec)) 

f 

1  1 
! 

'A!-^  | 

1322  j 

26-7  | 

2.8-52 

2  ! 

HI  ! 

} 

22,7.7  j 

.  25-7  ! 

] 

24-28 

3  ! 

ill 

2277  j 

25-5 

25-11 

4  j 

i 

ill 

226?  j 

25-6 

25-162 

i 

‘5  j 

lit 

2277  j 

25-5 

31-62 

(6  ! 

i 

ill 

2234  j 

26-10 

28-21 

V7  | 

ill 

2277  | 

26-1 

'  28-5? 

*  1 

HI 

2306  j 

25-5 

24-18 

5  i 

i 

ill 

2277  ! 

2 6,.{6 

i 

26-35 

20  I 

hi  j 

2277  j 

i 

.  26-3  j 

31-53 

- 

1 

3.1 

in  | 

! 

20.67  .! 

;  3.4U0  j 

31-52 

np 

m  i 

1 

*333*4  i 

.  .  -  1 

n:c:  -a  j 

Jiu 

13 

i 

<11  1 

1  j 

i 

205-6  > 

1 

,  .  -  j 

'  25-2  j 

29-45 

34  i 

.41-2-2  ! 

2097  1 

26-4  j 

28-21 

•*  :not  available  .fr.om  -films 
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TAELE  VI 

Penetration  Data:  0.17  g 
(Ot  i  .itfa  SanO 


SEQUENCE 

NUMBER 

PROJECTILE 

^0 

(cm/sec) 

Pn, 

:  (cm) 

i 

z 

ir»- 

(msec  y 

i 

Al-2-F 

1253' 

18.0 

30.7P 

,  2  -  '  ’ 

*  ,  » 

1395 

17.7 

34,74 

3i  '  '  , 

.it 

1376 

18.5 

34.36 

4 

i 

>  -tt 

V 

:  1387  ; 

!  18.4 

•  31.00 

5 

j  ro  ; 

1301 

;  19.3 

35.96 

t. 

/•  % 

6  ' .  = 

t»; 

14  08 

'  19> 1  ' 

•  -  34.72 

'  '  #;  ‘  ; 

It 

l  '  : 

!  'mm  .  ] 

\  mfr-  ‘ 

‘  31.00 

-'-.  8  v-J 
;s 

f  t:  '  ;  | 

; 1  127-7 

b '  18  V  5  ; "  -: 

?  2.9.76 

9 

,t» 

;  ■  11:73-  .  ; 

1  15  -  9 

i  54.10 

10 

:  ..  "  ' 

:  1163' 

r  iS.7  '  - 

f  33.74 

82  • 
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Appendix  B 


Properties  of  the  Target  Medium  ; 

The  cohesionless  medium  used  in  the -experiment  was 
obtained  from  Soiltest  Corporation,  Evanston*  Illinois*;  ;pCt 
was  trademarked  Density  Sand,  CN-501?  but  is  better  known 
as  Flint  Shot  or  Ottawa  Sand.  Some  properties  of  this; 
medium  are  given  in  the  following  pages ^ 

Particle  Size 

Mechanical  analysis  is  a  method  by  which  the  partible- 
size  distribution  of  a  granular  soil  can  be  determined * 
Analyses  of  several  samples  of  the  target  medium  showed- 
that  99„S  by  weight  passed  the  U;S.  Standard  Sieve  Humber 
20  and  97.-4*  by  weight  was  retained  on  the  lifts*;  Standard; 
Sieve  Number  40.  This  implied  that  98;.7;i  by  weight  of  the. 
same  particles  were  between  the-  limits  of  0.4  and  2.0  mm 
in  diameter.  A  typical  grain  size  iistributionrcurve;  Is\ 
shown:  in  Figure  34  on  the  following  page .  This  distribu¬ 
tion  yielded  the  following  grain  size:  classification 
coefficients':'  -  .  ;  -  '  '  ~ 

Coefficient  of  Uniformity.  .  ,«•  v  ;  i»3$ 

Coefficient  of  Gradation  ...  .  ..."  .  0:<92’ 

Effective  Size  .  ,  .  .  .  >  >  .  .  0.47  mm 

The  above  coefficients  indicated^ a  poorly  .gradi^  : 
(uniform)  sand*  Under  the  Unified  Soil  Classification 
System  it  was  classified  SP,  sand  poorly  graded  (Ref-  24: 
40).  .  • 
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Standard  U.S. 
Sieves 


Figure  34.  Mechanical  analysis. 
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The  uniformity  of  the  sand  was  one  of  the  basic  rea¬ 
sons  for  its  selection  as  the  target  soil.  A  well  graded 
medium  would  have  fine  particles  intermixed  with  the  larger 
grains.  These  fine  particles  would  tend  to  settle  into  the 
voids  between  the  large  particle  and  cause  the  sand  to  com¬ 
pact  under  vibration  loads  or  repeated  impacts. 

Water  Content 

It  was  desirable  to  have  a  target  medium  that  would 
maintain  a  nearly  constant  moisture  content.  It  was  im¬ 
possible  to  test  the  target  sand  for  water  content  at  each 
firing,  so  the  only  way  that  a  constant  water  conteht  could 
be  assured  was  to  use  a  medium  that  had  no  water  content  at 
all. 

The  sand  was  tested  for  water  content  before  and  after 
the  penetration  tests  were  made.  Four  samples  from  the 
target  were  analyzed  in  accordance  with  the  standard  mois¬ 
ture  content  test  as  outlined  in  AFM  88-51  (Ref.  2).  No 
traces  of  water  were  found  in  any  of  the  samples  and  on 
this  basis  it  was  concluded  that  the  water  content  of  the 
target  was  negligible  throughout  the  experiment. 

Void  Ratio 

The  packing  condition  of  the  sand  grains  in  the  target 
medium  was  measured  by  a  standard  soil  property  called  the 
void  ratio.  The  void  ratio  is  defined  by 
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where  Vs  Is  the  volume  of  solid . particles  making  up  a 
sample,  and  Vv  is  the  difference  between  Vs  and  the  total 
volume  of  the  sample.  Vv  is  normally  filled  by  air  and 
water,  but  negligible  water  content  had  been  established  for 
the  sand  and  V  became  the  volume  of  the  sample  that  was 
'-occupied  by  air. 

It  was  important  that  a  relatively  constant  void  ratio 
be  maintained  during  the  experiments.  Changes  in  the  pack¬ 
ing  condition  of  the  target  would  cloud  the  results  of 
varying  gravity. 

The  void  ratio  can  most  conveniently  be  determined 
from  the  formula 


GVyw 

e  =  w^T  (18) 

G  =  specific  gravity  of  solids 
Yw=  unit  weight  of  water 
V  =  total  volume  of  soil  sample 
ws=  dry  weight  of  solid  particles  In  a  sample 
Five  samples  of  the  target  medium  were  taken  by  pouring 
the  sand  slowly  down  the  sides  of  a  pre-weighed,  graduated 
flask.  The  values  of  V  and  ws  could  then  be  determined. 
Assuming  a  specific  gravity  of  2.67  and  Yw  unity  (Ref. 
24:27),  a  maximum  void  ratio  (loosest  packing  condition) 
was  determined  to  be  0.71.  This  gave  a  unit  weight  of  97*5 
pounds  per  cubic  foot.  *■  * 
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Five  other  samples  were  taken  and  vibrated  severely  in 
the  graduated  flask  until  there  was  no  noticeable  reduction 
in  their  volumes.  Values  of  V  and  ws  were  taken  for,  these;, 
samples  and  a  minimum  void  ratio  (densest  packing  condition) 
of  O.65  was  determined.  This  gave  a  unit  weight  of  102. 5 
pounds  per  cubic  foot. 

From  the  maximum  and  minimum  densities  it  was  seen 
that  the  sand  tai’get  would  not  be  expected  to  vary  in  den-, 
sity  more  than  5»1%  under  the  most  extreme  conditions  of 
vibration. 
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Appendix  C 

Description  of  Equipment 

The  following  is  a  detailed  description  of  the  equip¬ 
ment.  iised  in  the  experiment .  It  should  clarify  questions 
arising  .from  the  discussion  of  Section  III. 

;The  Aircraft 

A  ]KCc-135A.  was-  used  for  simulation  of  the  gravity 
levels  required  by  the  experiment.  The  basic  configuration 
'was  a  Boeing  707  as  altered  by  the  Air  Force  to  fill  the 
duties  of  an  aerial  refueling  tanker.  The  aircraft  was 
further  modified  by  Aeronautical  Systems  Division*  through 
civilian  contract*  to  enable  it  -to  fly  controlled  parabolic 
maneuvers  ih.  which -gravity  .simulation  could  be  accomplished. 
The-  aircraft  is  capable  of  producing  simulated  gravity  con¬ 
ditions  'from  0.00  to  2. 00  g. 

Alteration  basically  consisted  of  mounting  accelerom- 

C 

e.ters  and  gauges  in  the  aircraft*  placing  electrical 
controls,  on  the  automatic  pilot  system,  and  padding  the 
interior  of  the  fuselage., 

A  photograph  of  the  aircraft  and  a  profile  of  a  Zero- 
Gravity  maneuver  can  be  found  on  page  102  of  Ref.  22. 

Plywood  Enclosure 

A  plywood  box,  H  \ft  x  4  ft  x  5  ft,  previously  used  in 
AFlT  thesis  work  aboard  the  aircraft  (Ref.  22:103)  was 
found  and  adapted  to  this  experiment.  The  box  had 
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previously  been  accepted  for  flight  aboard  the  aircraft* 
rhis  made  acceptance  of  the  project  somewhat  easier  to 
obtain. 

The  only  alteration  of  the  box  was  repositioning  -of 
the  lower  window  on  the  back  side.  All  other  adaptation 
consisted  of  attachments  to  the  Interior  and  exterior*  The 
fully  configured  box  is  shown  in  Figures  3*>,  36*  37,  and' 

33,  on  the  following  four  pages* 

Air  Gun 

The  air  gun  wasiiiade  up  of  five  basic  parts*  They 
were  the  pressure  chamber.,  the  compressed  air  inlet  line, 
the  barrel  and  trigger  assembly,  the  solenoid  trigger,  and  . 
the  support,  angles* 

Pressure  'Chamber .  The  pressure  chamber  was  made  from- 
a  cylindrical  steel  section,  1/2  inch  thick,.  8  incies  in 
outer  diameter  j  and  5  2-/2  inches  long.  -Circular  steel 
plates,  1/2  inch  thick  and  7  1/2  inches  in  diameter,,  were 
welded  to  the  open  ends  of  the  cylinder  to  f orm  a  rlosed. 
chamber* 

,C 

A  hole  was  .bored  into  the  cylinder  wall  and  was  tapped 
to  accept  a  pressure  threaded  compressed  air  inlet  pipe* 

A  circular  area  at  the  center  of  the  bottom  plate  was 
polished  to  provide  a  mount  for  the  barrel  and  trigger 
assembly.  A  smooth  hole,  i/2  inch  in  diameter  was  bored 
through  the  plate  at  the  center  of  the  polished  area.  Six 
threaded  holes  were  tapped  into  the  polished  area  to  a 


■91 


\  *•*  **■*!*  <s;-«i  ._ 


I  : 


<GSE/MC/S9-6 


-  GSF/Mc/69-0 


F. 


7. 


«**t**M*>m*M~*ia+,  ■ 


I*  ‘  inch.  They,  were  squally  spaced  about  a  circle 

.  .■/ ^  ■  j*. »  concentric  with  bfcs.  , 1/2  .inch  hole  in 
V;\l\  .pblislied-  'area »  "  ^ 


lr  ■</ 


& 

IV: 


•5  ,..  ■-  .‘gc^ar  angular  bie,rdpwn  .flanges  were  fllletr-welded  to  the 

4^||^^;p.|\1;Ke^p^ainber  at  .the  bottom.  These  .provided,  a.  means 

, / -l :' f ddbment" the.  air1  gun,  to' the  Japport  angles:. 

-  t -*v-'  v  '-}**&'<•  ■  >-'•  ,  _:  v.  - '  \',v  V:~  ■  ■  "  "  1  w  ^ 

-  /  4:-  «. .  -  .  -'  >f  '  _  -  v  .  -' 

-.;>«■*.  ""  GOmpre sssdt  Air.  Inlet;-  Mr;e-.-  The.iv. inlet,  line,  uas  a  cast 

y  **  '5  -  -  y.  '•^,'>.^’^•‘0  .-,.r  ‘.v  •  ;  <  •  T'V.VV1-11.1'  ' ",  -  v  •  VV  '  /  .  '  ,s* 

iL-ndhes*  ,iong^v,:thr.eaded>  at-  both  ends;,  with  a 
.....  ;  .^^apehed'.^le;.,.  ,  fdno  vend- y?as  threaded,  inoo;  tlie  =hoi"  'J~  ***-- 

‘f-  ytv  v'. y.  >;;*Vv  -■  -'f'p':;'7 


hole  in  the  side 
fas;  passed  through  a 


end  Was  fitted  to 


|(  sf.  j  add-  ‘kvredudtioh'.. -coupling.  A., 

S?«f  “  V  .  .  '  }>»  ,*1 VI  >S  ^ ; V\YV  Wa  c  f  if  f  4- /a  VVii^v  is  wiia  V,  .Vf*  4- V 


to  the  line  through  a  15 0 


pressure  hose  from  a  regulator 

tfC'r  <,  <"_  .  *'v'  5  £/•'' '  '* 

d-  , 

&Z?£i2>v^  X‘“ 


i,,;; ;]  f7 ;  e^g0|?pdun4  vstprage;  d5pttp>4>  7  v  .,■  -  _.  '. 

'->•  •-"'  .-.  .  and.TrlggsrvAs  sembly ..  The  barrel  and  trigger 

f  ^as^a:einbi:ly.  ■^f.ks^Jbas.igalaiyc.^^rrei  and  a  mounting  plate  to 
c ,-  |j^c^^erd'  attached /mounting,  posts  for  the  trigger  catch 

,  /  O  \  '/J  'y*  'v  >  ;  -  •, 

|e3  •  v#|ja|e^and/-the:  sprih^.:;:;  /.•  -  'f 


If  >  :  6]4\S*  ^?P^.was;  a  length  of  steel  tubing,  12  inches 


“inch  , in  Imier' diameter.  The  mounting  plate 


•,^- 


.  IS; 


■i 

m 


,  W.as-  brats s>V;it.  was  cut  in  a  circle  to  fit  the  polished  area 
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-  - .  .Tp  J? 


on  the  bottom  of  the  pressure  chamber.  .-S$x,  smoo.th ^hpies^V-: 
were  drilled  through  the  mounting,  plate ,/  phe  $gif  «$&]&<“ 

-  /-  *  ■*-  .,  *v-i  '  .  ;  ->'* N  '’^/‘svv  J  v'f~  C***"*' 

threaded  hole  in  the  bottom  of  thp  chamber.,  A^smpot^nliolls^C^ 
was  drilled  through  the  center  of  the  mounting  plat  fly 
centric  with  the  1/2.  Inch  hole  ih^the  .chamber  but  larger  InJ" 
diameter  by  twice  the  wall,  t*  1  ckness-  of  the  barrel-.  - 

barrel  was  fitted  into  this  hole  in  the  mounting  platfe  ,and?’ 
the  barrel  and  mounting  plate  wexie  welded  together  to/  form, 
a  solid  unit.’  •  c~  V  ’/  Vc  •/;'  '  •  '  -V.  f-.  ii/.%  s. 

A  right -circular  depression  was  cut  into.  tljfr J , 
plate  to  a  depth  of  1/8  inch  pn  the.  .side; 'opposite- ■ the/har'* 
rel.  This  formed  a  seat  , for 


~  ^  t  ^  £  -y ,  i*.*v  •  1  j‘J?' 1  *  '<•  ^‘s  *  \  y~* 4  ‘  C% 

seal.  This  washer  was'  1.  1/2  inch,., ;in:  outers diame.ter  7and/;l;/8';; / 

\  ■  '  '^i'1  fi{/.  £.  H '  '  %  fr'$  -<> 

inch  in  inner  diameter  .  ;  •  .,  /'■-.//'/  •<:/■/■  vj ;  ^ 

Two  brass  postb,  3  inches  Iphgib  .  ir"; . 

holes  tapped  into  the  mounting-  plate  so  that  'they  were 
parallel  to.  the  barrel  and.  6n.-.-'eithtefe- ,’sdd.e/Cif  it  .  ..  Qne;;post 
was  sleeved  to  exactly.  2  inched  ffroBi’  thef v-/’‘  • 
To.  this  post  was,  attached  a  trigger  ...catch  plate,  that  had-.  . 
been  cut  from  1/8  inch  steel  sheet .  The  catch  plate-  was  3 
inches  long  and'  tapered  from  a  t  1/ Jr  inch  width, :where.  it 
was  attached  to  the  pos-t  to  a  1  inch  width  on  its  free  end. 
Both  ends  of  the  catch  plate  were  rounded.  The  wider  end 
was  attached  to  the  sleeved  mounting  post  so  that  the  plate  . 
could  swing,  freely  perpendicular  to  the  barrel'. 

At  the  point  where  the  catch  plate  met  the  barrel,  a 
chord  section  of  the  barrel  was  cut  out  so  that  the  edge  of 
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\^th§.  catch  plate  extended  into  the  barrel  to  a  maximum  depth 
.,  ?  6iC’  .l-/8:  incKf'  The-  free  end  of  the  catch  plate  extended  be- 
ii  ;yofid^;the:  barrel  and  was  connected  to  the  other  mounting  post 
%y-'  Ji?:|pring;.  .  This  spring  held  the  catch  plate  firmly  in  the 
■’ J- /.the-  barrel.-  : 

%  r'Z^ju* A:  -^cS,  lanyard  was  .also  attached  to  the  free  end  of  the 
‘  •  y  jp£t,c]ysp%at?-  'but..'  oh-' ‘-the  side  opposite  the  spring.  This  was 


5St3i2b56'pghe'ctt/eid. }td" '.the  belt  of  the  solenoid  trigger  on 
- ;l -^dctftM.-slde  df  cthb, -erfdioslng  ?box. 

^  :  ’  Three,  holes,  were.  drilled  into  the  barrel,  1  inch  above 

,  ■?'*"  yt  lV'‘  >1  „£l.J  ^  '"J,  '  ''  "  „  s  •  " '  £ »  * 

^  ;thi^  were  equally  spaced  around  a  circum- 

;v.  J,  **  *v\^  /  ;  ,  0'v  ,  vv^v'  ''f. 


><» 


.  (  i  ww^..wei;andLseryedvas‘ escapee  vents  for  the  air  blast  which 

d  ,i'  '-^X  V’  *.v  i"' '  r  ^ / Sf /' i  sf  Z'&ci 

/■'j'f'  ,  *v£>V£  ^»XV»  V  •  *■/’  «*»  '  v*’%  '/  Vv%/, 

•a?  'flblldwed^a  pro  ject  He  down  the  barrel.  Their  purpose  was 

/. 4;Pfs/r-  :£r’<C:  .  -  c 

:  ^owniS^rd.  .rush  of.air  so  that  it  would  not 

/ Y  .*'3  T « r  ’  v*  V'c.  Vy ’"z 

•  sand'  bed. 

T  V^liv,x ‘t^lKKet  assembly  was  fastened  to  the 


screws-  through  the  six  holes ,  in 
--  the, ;mountingv;pla'te>  (See  Figure  39  on  the  following  page.) 

A  24  volt  DC  solenoid  was  used  to 


„  ,/g .  Solenoldn 

-4®'^%'  constant  trigger  pull  each  time  the  air 

7*  \/V  >>l'  -^r/f  ' '  ,  V/.„,  ‘  *  . 

^a'e'.jl^redti ,  The  solenoid  was  mounted  on.  the  outside  of 
■  I  ' the/  enclosing  .box .  Ihe  force  with  which  it  pulled  a  ferrous 
/object  into  its  core  was  transferred  by  the  lanyard  to  the 
trigger  catch  plate,  to  fire  the  gun. 
v  1-  ;  The  wire;  lanyard  from  the  end  of  the  catch  plate  was 
attached;  to  a  metal  washer..  The  washer  was  placed  over  a 
cast  iron  nipple,  and  was  held  in  place  by  a  cap.  The 
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Trigger  Catch  Plate 


•Tie  Down  Flanges  (4 


Pressure  Chamber 
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Figure  39.  Compressed-air  gun 
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nipple  was  passed  through  a  hole  in  the  side  of  the  en¬ 
closing  box,  on  the  side  opposite  the  entrance  of  the  com¬ 
pressed  air  inlet  pipe.  On  the  outside  of  the  box,  the 
protruding  nipple  was  threaded  into  a  union.  *The  outer 
diameter  of  the  union  prevented  the  nipple  from  passing 
back  through  the  hole  in  the  box. 

A  hole  was  drilled  through  the  short  axis  of  a  block 
of  wood,  2x2  and  4  inches  long.  This  hole  was  slipped 
over  the  union  on  the  outside  of  the  box.  The  block  was 
then  fastened  to1  the  box  with  wood  screws  so  that  the  holes 
in  the  wood  block  and  the  box  were  concentric. 

Another  nipple  was  threaded  into  the  open  end  of  the 
union.  The  solenoid  was  then  placed  over  the  nipple  and 
attached  flush  to  the  wood  block  with  screws.  The  union 
was  then  trapped  within  the  wood  block  and  had  about  1  inch 
of  lateral,  freedom  along  the  axis  of  the  lanyard.  (See 
Figure  40  on  the  following  page.) 

The  electrical  circuit  of  the  solenoid  consisted  of  a 
2.4  volt  DC  power  source  and  a  normally  open  switch.  During 
the  ground  tests  in  which  high-speed  photography  was  not 
used,  a  microswitch,  spring-loaded  to  open  circuit,  was 
manually  closed  to  fire  the  gun.  When  photography  was-  used 
the  electrical  timing  circuitry  closed  a  relay  after  the 
proper  delay,  and  this  fired  the  gun. 

The  wire  lanyard  was  adjusted  so  that  it  was  tight 
enough  to  dislodge  the  trigger  catch  plate  when  the  belt 
was  pulled  into  the  solenoid,,  but  loose  enough  so  that  the 
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:  spring  could,  return  the  plate  to  the  notch  in  the  barrel. 

The  proper;  tension  was  found  by  trial  and  error. 

* 

Support  Angles.  Twin  support  angles  were  constructed 
from  steel  angle  stock.  They  were  4  feet  long  overall, 
including  steel  plates  welded  to  each  end.  Two  holes  were 
cdijllled  in. -the  horizontal  legs  of  each  angle.  They  were 
ipdsitioned' -to'  coincide  with  the  holes  in  the  tie-down 
■flanges  of  the'  pressure  chamber  when  the  barrel  was  .directly 
,oyer:  the  center-  of  -the  sand  target.  When  bolted  to  the 
-  'sides;  of  the  enclosing  box,  these  angles  .formed  a  solid 
-platform  for  the  air  gun.  The  angles  were  placed  in  the  en¬ 
veloping  box  at  a  height  which  provided  about  2  feet  of  free 
fall  of  the  projectile  from  the  muzzle  of  the  gun  to  the 
surface  of  the  sand;  bed.  ( See  Figure  38  ,  page  95  .  ) 

\  .  Operation.  To  operate  the  air'  gun,  a  projectile  was 
ichambered  into  the  barrel.  The  back  end  of  the  projectile 
'"was  held  firmly  against  the  rubber-washer  pressure  seal  by 
the  trigger  catch  plate.  The  catch  plate  passed  through 
the.  chord;  section  cut  from  the  barrel  and  engaged  a  notch 
id  the  projectile.  This,  completed  the  pressure  seal  of  the 
chamber.  . 

The  shut-off  valve  was  then  opened  and  pressure  was 
allowed  to  build  up  to  the  desired  level  in  the  chamber. 

The. pressure  level  in  the  chamber  was  read  on  the  gauge  in 
the  inlet  line.  At  the  desired  level,  the  shut-off  valve 
was  closed.  The  gun  was  fired  by  either  manually  or  elec¬ 
trically  closing  the  switch  in  the  solenoid  trigger  circuit. 
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The  magnetic  field  created  in  the  core  of  the  solenoid  .  -. 

pulled  back  the  iron  nipple.  This  motion  "was  /transferred  -  f 
along  the  lanyard  to  the  catch  plate  which,  was  puITed^from’ 
the  notch  in  the  projectile.  The  pressure  seal  was  broken};- 
and  the  compressed  air  in  the  chamber  expanded  down  the:  :  , 
barrel,  pushing  the  projectile  before  it.  *  V.  ;  < 

The  pressure  chamber  was  sealed  with1  a.  special  closed;' 
plate  in  place  of  the  barrel  and  trigger  assembly  and  hydros.  , 
statically  tested  to  a  pressure  of  800  pounds  per  square 
inch  prior  to  the  first  ground  tests.  Chamber  pressure- 
velocity  curves  for  the  air  gun  were  determined  in  the  prer- 
liminary  ground  tests  and  are  shown  in  Figure  41  on  the 
following  page .  The  maximum  velocity  which  the  air  gun  can 
produce  with  the  available  projectiles  is  not  known. 

Projectiles 

The  projectiles  were  made  from  either  aluminum  bar 
stock  or  aluminum  tubing.  The  projectiles  made  from  either 
material  were  identical  except  for  their  weights i  Replace¬ 
able  points  were  made,  one  flat  and  the  other  hemispherical. 

Both  projectiles  had  a  circumferential  notch,  1/8  inch 
square,  cut  into  their  sides,  exactly  2  inches  /from  the 
back  end.  This  notch  was  engaged  by  the  trigger  catch 
plate  when  the  projectiles  were  loaded.. 

The  main  body  of  each  projectile  was  a  cylinder,  1/2 
inch  in  diameter  and  12  inches  long.  The  loading  end  of 
each  was  tapped  to  accept  the  threaded  replaceable  points. 
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With  either  point  on  the  projectile,  the  overall  length 
became  13  inches.  Figure  42  on  the  following  page  is  -a 
detailed  photograph  of  the  light  weight  projectile. 

Velocity  Measurement  Systems 

There  were  two  methods  of  measuring  impact  velocity 
used  in  the  experiment-  One  method  made  use  of  the  sensi¬ 
tivity  of  a  photo  diode  to  changes  in  light  intensity-  The 
other  used  a  double-exposure,  high-speed  photography  tech¬ 
nique- 

Photo  Diode  Method-  This  method  provided  a  means  of 
measuring  the  time  that  a  projectile  of  known  length  shaded 
a  photo  diode  from  a  light  source. 

The  photo  dlcde  was  positioned  near  the  path  of  the 
falling  projectile  and  at  a  distance  above  the  surface  of 
the  sand  bed  that  equaled  the  length  of  the  projectile. 

The  time  measured  in  this  way  was  the  time  it  toolc  the  pro¬ 
jectile  to  cover  the  last  13  Inches  before  impact.  The  ve¬ 
locities  which  resulted  were  averages  over  this  distance. 
Negligible  acceleration  was  assumed  to  convert  them  to 
Impact  velocities.  Figure  43  on  page  107  is  a  schematic  of 
the  system  and  Figure  44  on  page  108  shows  an  example  of. 
the  Polaroid  pictures  taken  by  the  oscilloscope  camera  of 
the  response  of  the  diode. 

High-Speed  Photography,  This  method  made  use  of  a 
pre-exposed  grid  in  the  plane  of  the  path  of  the  projec¬ 
tile.  The  grid  was  photographed  on  each  frame  of  each  IDO 
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Back  leaves  light  beam 


Figure  4  4  Sample  oscilloscope 

trace. 
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foot  roll  of  film  at  the  same  distance  from  the  lens  of 
the  camera  as  the  projectile  was  to  be  during  the  test. 

The  grid  gave  a  true  distance  scale  in  each  frame.  The 
film  speed  was  marked  with  a  millisecond  timing  pip  to 
provide  a  time  base. 

The  camera  was  a  Fairchild  Motion  Analysis  Camera, 

Model  HS  101.  It  used  16  millimeter  roll  film  and  was  run 
at  3200  frames  per  second.  The  lens  was  Elgert,  1.3  nun, 
f:i.5,  wide  angle. 

The  camera  was  mounted  on  a  fixed  platform  attached  to 
the  outside  of  the  enclosing  box.  It  photographed  the  pen¬ 
etrations  through  a  glass  window.  (See  Figure  37,  page  94.) 

Four  lights  were  mounted  on  the  inside  of  the  box  to 
illuminate  the  penetration  events. 

The  electrical  circuitry  required  to  correctly  time 
the  steps  in  the  firing  cycle  was  designed  by  Mr.  Jack 
Warwick  of  the  Technology  Photography  Division  of  ASD. 
Precise  timing  was  necessary  because  the  high-speed  camera 
exposed  a  100  foot  roll  of  film  in  about  2.5  seconds.  The 
cycle  was  started  by  closing  one  switch.  The  lights  in  the 
box  came  on  immediately  and  were  followed  in  2.25  seconds 
by  the  camera.  Exactly  1.3  seconds  after  the  camera  had 
started,  voltage  was  applied  to  the  solenoid  and  the  gun 
was  fired.  The  entire  system  shut  down  automatically  when 
the  roll  of  film  had  been  used  up. 

Details  of  the  camera,  lighting,  and  exposure  were 
handled  by  Mr.  Merl  Worland,  also  of  the  Technical  Photo- 
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graphy  Division.  During  the  four  flights,  the  camera  was 
cared  for  by  SSgt  Dominic  Miglionico  and  TSgt  George 
Alvarado  on  different  occasions.  Both  men  were  assigned  to 
the  Directorate  of  Flight  Test,  ASD,  Wright-Patterson  APB, 
Ohio. 

The  wiring  diagram  of  Mr.  Warwick’s  circuitry  is  shown 
in  Figure  45  on  the  following  page . 
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Appendix  D 

Measurements  and  Sources  of  Error 
Two  types  of  measurements  and  calculations  were  re¬ 
quired  in  this  work.  They  were  related  to  determination  of 
impact  velocity  and  maximum  penetration. 

Determination  of  Impact  Velocity 

Both  methods  of  calculating  impact  velocity,  photo  di¬ 
ode  and  high-speed  photography,  were  based  on  an  assumption 
that  the  projectile  was  not  accelerating  during  its  flight 
from  the  gun  to  the  sand.  The  assumption  was  better  in  the 
high-speed  photography  method  because  smaller  increments  of 
time  were  considered. 

Photo  Diode  Method.  An  average  velocity  was  determined 
for  the  projectile  in  its  last  33  centimeters  of  flight 
before  impact.  The  length  of  the  projectile  was  known  to  be 
33  centimeters,  so  the  increment  of  distance  used  in  the 
calculation  is  without  error. 

The  sweep  rate  of  the  oscilloscope  which  recorded  the 
response  of  the  photo  diode  was  5  msec/cm  and  was  given  as 
accurate  to  plus  or  minus  3%  by  the  manufacturer.  The 
reading  error  involved  estimation  of  the  point  on  the  photo¬ 
graph  at  which  the  trace  began  to  return  to  base  voltage. 
Estimation  was  required  because  the  diode  had  a  finite  re¬ 
action  time  which  was  evident  in  the  photographs.  Based  on 
the  width  of  the  trace,  the  accuracy  of  reading  its  length 
at  raised  voltage  was  plus  or  minus  0.1  centimeter. 
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The  time  increment  was  calculated  by  multiplying  the 
length  of  the  trace  at  raised  voltage  by  the  sweep-rate  of 
the  oscilloscope.  For  a  length  of  5.4  t  0.1  cm  and  a  sweep 
rate  of  5.G  1  0.15  msec/cm,  the  calculated  increment  of  time 
would  be  27.0  msec  with  a  high  of  28.4  msec  and  a  low  of 
25.8  msec. 

The  resulting  velocities  would  be  the  33  cm  distance 
increment  divided  by  the  different  time  increments,  or  1220 
cm/sec  with  a  possible  high  of  1280  and  low  of  1160  cm/sec. 

The  assumptions  of  an  ideal  point  source  of  light  and  a 
point  face  on  the  diode  were  not  realized.  These  factors 
would  increase  the  error  involved,  but  to  such  a  small  de¬ 
gree  that  they  are  negligible  next  to  the  assumption  of 
zero  acceleration.  Accepting  this  assumption,  it  would 
probably  be  conservative  to  state  that  this  method  of  meas¬ 
uring  impact  velocities  was  accurate  to  t  75  cm/sec. 

High-Speed  Photography  Method .  The  pre-exposed  grid 
used  to  determine  projectile  position  was  photographed  so 
that  parallax  errors  were  avoided.  The  grid  was  constructed 
to  an  accuracy  of  ±  0.1  cm.  This  was  checked  by  measuring 
the  last  5.1  cm  known  length  of  the  projectile  at  different 
depths  in  the  grid.  The  reading  accuracy  of  a  given  posi¬ 
tion  of  the  projectile  was  determined  to  be  ±  0.2  cm.  This 
was  done  by  xiaving  three  different  persons  read  the  same 
film  and  record  their  results  without  prior  knowledge  of 
the  results  of  the  others. 

The  films  were  read  by  displaying  them  on  the  screen  of 
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an  Eastman  Recordak  viewer.  At  the  highest  magnification, 
about  three  frames  at  a  time  were  displayed  on  the  screen. 

A  cardboard  strip  was  marked  and  numbered  so  that  it  could 
be  laid  on  the  screen  of  the  viewer  and  used  as  a  ruler  to 
aid  in  counting  the  number  of  lines  from  the  top  of  the 
grid  to  the  reference  point  on  the  projectile  as  it  appeared 
in  the  frame.  The  position  was  estimated  to  the  nearest 
tenth  of  a  centimeter  since  the  lines  of  the  grid  were  0.5 
cm  apart. 

The  velocity  increment  was  determined  by  counting  the 
number  of  frames  between  the  millisecond  timing-pips  on  the 
edge  of  the  film.  This  could  be  done  only  to  the  nearest 
tenth  ox"  a  frame.  The  result  was  a  number  of  frames  per 
millisecond  which  could  be  directly  inverted  to  obtain 
milliseconds  per  frame.  The  average  film  speed  of  this 
experiment  was  3200  frames  per  second  accurate  to  ±  100 
frames  per  second.  The  time  increment  per  frame  was  there¬ 
fore  0.31  msec/frame  with  an  accuracy  of  ±  0.01  msec/frame. 

Impact  velocity  was  determined  by  reading  the  last  five 
frames  before  impact.  The  time  increment  was  about  I.65 
msec  and  a  typical  distance  increment  over  the  five  frames 
was  2.1  i  0.2  cm.  The  resulting  average  velocities  over 
this  increment  were  1270  cm/sec  with  a  possible  high  of 
1390  and  low  of  1150  cm/sec.  At  this  range  of  velocities, 
the  possible  error  was,  therefore,  8.7%. 
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Determination  of  Maximum  Penetration 

Visual  Method.  A  sca;.e,  graduated  in  millimeters,  was 
used  to  measure  the  complement  of  penetration.  Readings 
with  it  were  accurate  to  t  0.05  cm. 

Determination  of  the  height  of  the  initial  sand  surface 
above  the  floor  of  the  crater  was  done  by  laying  the  alumi¬ 
num  plate  at  the  base  of  the  projectile  as  it  stuck  up  from 
the  sand.  The  top  of  this  plate  then  defined  a  horizontal 
reference  plane,  0.6  cm  above  the  initial  sand  surface. 
Irregularities  beneath  the  plate  were  slight  but  could  have 
caused  its  position  to  vary  t  0.1  cm. 

Some  projectiles  were  observed  to  be  tinted  from  verti¬ 
cal  after  a  complete  penetration.  The  amount  of  tilt  was 
never  observed  to  be  more  than  about  two  degrees.  The 
scale  measured  only  vertical  distances  above  the  plate  but 
the  error  involved  at  this  small  amount  of  tilt  was  less 
than  the  accuracy  of  the  scale. 

High-Speed  Photography  Method.  The  errors  in  determin¬ 
ing  maximum  penetration  from  the  high-speed  film  were  bas¬ 
ically  due  to  limits  of  the  grid  and  reading  capability. 
Another  factor  was  the  difficulty  in  determining  the  exact 
position  of  the  projectile  in  the  grid  at  impact.  In  some 
of  the  films,  the  bottom  of  each  frame  was  poorly  lighted. 
The  only  way  to  locate  the  frame  of  impact  was  to  note  in 
a  good  roll  of  film  the  position  of  the  back  of  the  pro¬ 
jectile  relative  to  a  fixed  point  in  the  camera  field  when 
impact  occurred.  The  grid  in  these  cases  was  used  only  to 

115 


v’  4  -  “r-^  '  \  -  -  *«*  •’•  v>"  it*  <■'*’*-'  ’-‘Jf — 


^•-■^  -  ^  *t~* f  •^sst,'" 


GSP/MC/6’9-6 

measure  the  vertical  distance  between  the  back  of  the  pro¬ 
jectile  and  the  reference  point. 

When  the  frame  of  Impact  could  be  seen  at  the  front  of 
the  projectile,  the  possible  error  was  plus  or  minus  one 
frame.  This  meant  a  position  error  of  one-half  the  average 
distance  traveled  by  the  projectile  at  its  impact  velocity. 
At  an  impact  velocity  of  1300  cm/sec  the  error  was  1  0.2  cm. 

The  overall  error  in  penetration  measurement  was 
t  0.4  cm. 

Other  Sources  of  Error 

The  following  additional  sources  of  error  were  noted: 

1.  Fluctuations  in  the  atmospheric  pressure  aboard  the 
aircraft  were  a  possible  source  of  error  in  light  of 
the  significant  changes  noticed  from  the  laboratory  to 
an  elevation  of  5000  feet  in  the  aircraft.  The  magni¬ 
tude  of  the  error  involved  is  not  known. 

2.  Possible  fluctuations  in  gravity  level  during  the 
level  flight  tests  would  also  affect  maximum  penetra¬ 
tion.  The  magnitude  of  the  fluctuations’ is  unknown. 

3.  Variations  in  the  void  ratio  of  the  target  sand 
would  have  caused  variations  in  the  penetrations.  The 
maximum  expected  change  in  void  ratio  was  5.1% »  but  the 
corresponding  change  this  would  cause  ir  other  soil 
properties  cannot  be  determined  and  might  be  signifi¬ 
cant  . 
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Appendix  E 

Derivation  of  a  Semi -Analytical  Equation 
To  show  in  depth  the  method  used  to  develop  semi- 
analytical  equations,  a  derivation  of  Moore’s  equation 
(Eq.  (7)  )  is  presented  in  this  section  along  with  the 
derivation  of  an  equation  based  on  another  form  of  the  soil 
resistance  force.  The  second  equation  includes  Moore’s 
suggested  dependence  on  confining  pressure,  and.  adds  the 
fluid  dynamic  drag  consideration  of  a  buoyant  force  depen¬ 
dent  on  the  square  of  velocity.  It  also  includes  a  possible 
dependence  on  ambient  pressure. 

Moore  *  s  Derivation 

Assumptions .  The  basic  assumptions  of  Mocre’s  deriva¬ 
tion  are  the  following; 

1.  The  target  soil  is  a  homogeneous  mass  and  has  no 
cohesion. 

2.  The  energy  available  for  penetration  is  the  kinetic 
energy  of  the  projectile  at  impact. 

3.  The  soil  resistance  force  is  proportional  to  the 
confining  pressure  on  the  soil  target,  and  acts  oppo¬ 
site  the  motion  of  the  projectile  on  the  line  of  pene¬ 
tration. 

i|.  The  soil  resistance  force  is  independent  of 
velocity , 

5.  The  projectile  is  a  cylinder  with  constant  cross- 
section. 
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Method .  Moore  determines  the  work  required  to  pene¬ 
trate  the  soil  to  a  depth,  Pm,  by  integrating  his  assumed 
soil  resistance  force  over  the  depth.  He  equates  the  re¬ 
sult  to  the  kinetic  energy  of  the  projectile  at  impact. 

The  soil  resistance  force  assumed  by  Moore  is 

F  =  KpgzA0  (19) 

where  g  -  gravitational  acceleration 

p  =  soil  density 
A0=  cross  sectional  area 
z  =  depth  into  the  soil 
K  »  a  constant 

The  work  required  to  overcome  this  resistance  to  a 
depth,  Pm,  is 


KpgA0J 


dz  =  ££§£<>!»■ 
2 


(20) 


The  kinetic  energy  of  the  projectile  at  impact  is 


pAL  V  2 
Kp  o  o 


(21) 


where  p^  “  projectile  mass  density 

L  *  projectile  length 
V0  »  impact  velocity 

Equating  expressions  (20)  and  (2i),  the  following 
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solution  for  Pm  is  obtained 


P 


m 


K* 


1 

where  K'  =  (K)“2 

An  identical  solution  is  obtained  if  one  begins  with 
Newton's  equation  of  motion,  Eq.  (1),  and  neglects  the 
weight  of  the  projectile. 

The  differential  equation  then  to  be  solved  is 


KpgzA0  =  -MV|1  (22) 

where  M  is  the  mass  of  the  projectile  and  the  mass  of  soil 
moving  with  the  projectile  has  been  neglected. 

Separation  of  variables  gives  an  equation  which  can  be 

/ 

integrated  over  the  known  limits  of  the  event.  The  condi¬ 
tions  which  supply  these  limits  are: 

1.  The  event  begins  at  z  *  0,  at  which  point  V  ~  VQ. 

2.  The  event  ends  at  z  =  Pm,  at' which  point  V  *  0. 

The  resulting  integral  equation  is 

KpgAofz  dz  -  MpML  (23) 

o  o 

from  which  the  equation 


KpgA0P2  =  m*0 

results . 


(2i*) 
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The  quadratic  formula  can  then  be  used  to  solve  for  P  , 
with  the  condition  that  Pm  must  be  positive.  The  result  is 


P  « 


K* 


(25) 


which  is  identical  to  Eq.  (7)s  if  ppA0L  is  substituted  for  M. 

Non-Constant  Cross-Sectional  Area.  The  head  of  a  pro¬ 
jectile  is  normally  not  flat.  The  results  of  this  thesis, 
compared  with  the  nose-performance  coefficients  empirically 
determined  by  Young,  indicate  that  the  coefficients  are  not 
constants  for  a  given  shape,  but  vary  at  least  with  projec¬ 
tile  body  diameter.  The  variation  of  cross-sectional  area 
over  the  nose  of  a  projectile  can  be  included  in  the  seini- 
unalytical  approach  to  a  solution  if  the  following  assump¬ 
tions  -re  included: 

1.  The  resistance  force  acts  vertically  against 

the  frontal  area  presented  by  the  projectile. 

2.  The  variation  of  frontal  area  with  depth  is  a 
function  that  can  be  determined  and  is  integrable  over 
the  depth  of  penetration. 

An  example  of  this  situation  would  be  a  cylindrical 
projectile  with  a  hemispherical  nose.  The  variation  of 
frontal  area  with  depth  is  then 


( 


ir(23z-z2)  0<z<r 


A(z)  =< 


R<z<p 


xm 


(26) 
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where  R  is  the  radius  of  the  hemispherical  nose  and  the 
body  of  the  projectile. 

Including  this  in  a  semi-analytical  solution  based  on 
Moore's  tV:- ;:ry  of  the  soil  resistance  force,  the  equations 
to  be  solved  become 


Kpgrr(2Rz  -  z2)z  «  ~MV§I 

dz 

KpgA0z  -  -MV|I 


(27) 


Integrating  these  equations  over  the  proper  limits  and 
adding  the  results  to  get  total  penetration,  the  expression 
to  be  solved  for  Pm  is 


KpgA.0P2  * 
The  solution  for  Pm 


MV2  +  Kpg 


A0R2 


is  then 


+  Kpg 


A0R2- 


Jj7rR3 

T" 


4ttR3  +  ttR** 

3  2  , 


(28) 


(29) 


Qualitatively,  this  equation  shows  that  nose-shape  can 
affect  maximum  penetration,  and  that  the  effect  of  nose- 
shape  decreases  with  the  radius  of  the  projectile 

A  Proposed  Form  of  the  Soil  Resistance  Force 

Based  on  the  terrestrial  accuracy  of  Moore's  equation 
(Ref.  19)  and  on  the  dependence  of  certain  soil  properties 
on  confining  pressure.  It  is  reasonable  that  the  soil 
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resistance  force  be  assumed  a  function  of  this  variable. 

Consi iorations  of  fluid  dynamic  drag  (Ref.  7)>  indicate  that 
there  will  be  a  buoyant  force  proportional  to  velocity 
squared  and  a  force  proportional  to  velocity  acting  on  a 
projectile  traveling  in  a  homogeneous  medium.  If  all  of 
these  terms  are  gathered  into  a  form  of  the  soil  resistance 
force,  the  resulting  expression  will  be 

F  =  Kpgz  +  KXV  +  K2V2  (30) 

where  K,  ,  and  K2  are  constants. 

Substituting  this  expression  into  Newton's  equation  of 
motion  results  in  the  formation  of  a  non-linear  differential 
equation  which  does  not  readily  lend  itself  to  a  closed  form 
solution.  If,  however,  the  term  proportional  to  the  first 
power  of  velocity  is  neglected,  a  solution  can  be  determined. 

Ambient  pressure  can  also  be  considered  by  reasoning 
that  It  makes  up  part  of  the  confining  pressure.  That  is, 
the  pressure  on  an  element  of  soil  at  a  depth,  Z,  below  the 
surface  of  a  sand  bed  is  equal  to-  the  ambient  pressure  at 
the  surface  plus  the  confining  pressure  due  to  the  over¬ 
burden  of  sand. 

With  these  assumptions  made,  the  soil  resistance  force 
takes  the  form 


F  =  K(Pa  +pgz)  +  K2V2 


(3D 
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where  is  ambient  pressure. 

Substituting  this  force  into  Newton's  equation  and 
neglecting  the  weight  of  the  projectile,  a  non-linear 
differential  equation  is  generated  which  can  be  rearranged 
into  the  form 


dV  k2  _  „-i|K(PA  +  PSz) 
dz  +  M"  v  "  v  M 


(32) 


This  is  a  form  of  Bernoulli's  equation  (Ref.  12:11) 
which  has  the  general  form 


dV 

dz 


+  f  (z)V  =  V^g(z) 


(33) 


This  has  a  closed  form  solution  if  f  and  g  are  con¬ 
tinuous  functions  of  z  only,  and  y  is  not  equal  to  0  or  1,. 
Eq.  ('32 )  can  be  seen  to  fit  these  conditions  with 


f(s)  =  ^ 
M 


g(z)  «  k1pa  +  pgz) 
M 


y  =  -l 


From  the  general  solution  to  the  Bernoulli  equation^ 
the  solution  to  Eq.  (32)  is 
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V2  -  B  exp 


-2K2^ 


M 


+  2  exp 


r*  — 

z 

r*  — i 

-2K2z 

kpa 

exp 

2K2z 

L  M  _ 

M  J 

L  M 

dz 


M 


zexp 


2-KjZ 


\ 


M 


az 


-*  7 


(3*0 


which  reduces  to 


V2  =  Bexp 


•2K2z 

"~M 


K(Pa  +  pgz)  KpgM  (35.J 
- - —  *}* 


K2 


2Ki 


where  B  is  an  arbitrary  constant.  The  constant  can  be 
evaluated  by  applying  the  condition  that  V  =  V0  at  z  =  0. 

Pm  can  be  determined  by  applying  the  condition  that 
z  equals  Pm  at  V  equals  0.  The  resulting  expression  is 


0  = 


yi  +  KPA  _  KpgM 


K? 


2K2J 


exp 


K(Ja  *  pgE  '' 


K' 


(.36) 

KpgM 

2K! 


The  constants,  K  and  K2  must  still  be  determined  and 
the  equation  is  difficult  to  handle,.  It  may  not  be  worth 
■the  effort  involved  in  solving  for  values  of  Pm,  since  the 
solution  requires  a  computer,.  On  the  other  hand',  it  is  not 
impossible  that  the  constants  might  be  definable  in  terms 
of  the  soil  properties. 

Inclusion  of  the  term  ?n  the  soil  resistance  force 
which  is  based  on  linear  velocity  dependence,  .should  improve 
the  accuracy  of  the  solution,  especially  in  the  range  of 
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velocities  that  occur  after  the  projectile  has  nearly  .come 
to  a  stop. 

It  is  possible  to  differentiate  Eg,.  (35:)  .with  respect 
to  time  and  determine  a  possible  functional  form  of  ip.rpjjt.ee- 
tile  acceleration.  The  resulting  expression  has  the  form 


K£K 

2K2 


V&+ 


<(3/7?) 


I-t  can  be  seen,  qualitatively.,  that,  at  impact;,  'the 
magnitude  of  .deceleration  is  proportional  to  the  .gravity 
field.  The  expression  then  decays  mono ton i cally  ’.with  .depth 
into  the  .sand.,  and  does  not  .agree  .with  the  .observed  decel¬ 
eration  traces  that  have  -been  found  In  this  ;and  -other  ex¬ 
periments..  The  inclusion  of  the  linear  ’.velocity  term  might 
change  the  form  of  this  expression  significantly.*  A  .great 
deal  of  experimental  verification  Is  .necessary  ibefore  'this 
expression  can  be  used  with  any  .degree  of  confidence.,  .and 
a  closed  form  of  a  solution  should  be  .sought  with  a  .soil 
resistance  force  as  defined  in  Eq,.  (3.C ) 
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•Appendix  F 

Computer  Program  For  Plot  Production 

The  program  presented  on  the  following  pages  uses  the 
capability  of  the  IBM  7094  computer  and  its  support  equip¬ 
ment  \to  :pr,cduce  continuous  plots  of  least  squares  /poly¬ 
nomials  generated  to  .fit  the  data  .read  from  high-speed 
films.. 

The  program  .c.a'lls-  two  subroutines,  PLSQ  for  the  least 
squares  fit  and  GRAPHM  to  /place  instructions  for  the  plot¬ 
ter  onto  a  tape..  PLS.Q  is  in  the  library  of  the  computer 
equipment.  GRAPHM -was  .writ'. on  by  Capt..  Ron  Prater,,  a 
.student  in  the  AFIT  .doctoral  program. 

The  main  /program  which  follows  is  written  in  -the 
}E.ortran  IV  language..  It  will  accept  data  in  three  differ¬ 
ent  formats.,  two  of  which  require  .both  X  and  .Y  .coordinates 
of  -the  data  and  .one  which  requires  only  Y  coordinates  and 
internally  .computes  equally  spaced  X  .coordinates..  The 
/program  obtains  .the  .coefficients  .of  the  best  least  squares 
'.polynomial  of  a  .desired  order  and  .uses  them  to  compute 
values  of  the  /polynomial  over  a  range  of  the  independent 
^variable..  If  desired.,  the  program  will  obtain  the  best 
least  /squares  polynomial  and  double-differentiate  it  before 
getting  the  values  for  a  plot . 

The  following  pages  contain  the  entire  main  program. 
GRAPHM  can  be  obtained  either  from  Capt..  Prater  or  Major 
S..  Johnson  of  the  Mechanics  Department.,  Air  Force  Institute 


GSF/MC/69-6 


of  Technology,  Wright-Pattereon  AFB.,  Ohio. 
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Appendix  G 

Attempted  Use  of  d  Simulated  Lunar  Soil 
A  sample  of  the  simulated  lunar  soil  (Ref.  16),  pro¬ 
cessed  by  the  University  of  California  at  Berkeley,  was 
obtained  in  the  later  stages  of  the  experiment.  There  was 
no  chance  to  do  penetration  tests  aboard  the  aircraft,  but 
some  shots  were  fired  into  it  on  the  ground. 

The  crushed  basalt  had  a  large  percentage  6f  fine 
particles  which  created  a  large  dust  cloud  each  time  the 
gun  was  fired.  The  material  was  found  to  compact  under 
repeated  impact.  The  penetrations  showed  a  lack  of  con¬ 
sistency  which  was  probably  due  to  the  compaction. 

One  obvious  difference  between  the  Ottawa  Sand  and 
this  material  was  that  no  crater  was  formed  when  the  pro¬ 
jectile  penetrated.  The  material  surrounding  the  projec¬ 
tile  was  not  in  contact  with  it  at  the  surface  (see  Figure 
46  on  the  following  page)  and  the  .walls  of  the  hole  ?  i  the 
target  seemed  to  spread  with  depth. 

The  following  recommendations  are  made  concerning 
further  use  of  this  material  in  penetration  tests: 

1.  The  air  gun  must  either  be  moved  farther  above 
the  surface  of  the  target  or  the  means  of  propulsion 
for  the  projectile  must  be  changed. 

2.  A  great  deal  of  work  must  be  done  to  determine  a 
way  in  which  the  void  ratio  of  the  target  can  be  con¬ 
trolled  during  penetrations. 
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Figure 

basalt. 


Penetration  in  crushed 
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3.  The  water  content  of  the  medium  must  be  checked  as 
often  as  is  found  necessary  to  insure  that  it  has  not 
changed  significantly  over  the  time  of  the  experiment. 
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:>The  effects  of  gravity  on  the  low  velocity  penetration  of  a  pro-  i 

1  jectile  into  Ottawa  Sand  are  Investigated  in  this  study..  A  cylindrical  | 

J  aluminum  projectile  weighing  64.1  ;gra  is  fired  at  velocities  in  the  range  j 

|  800-1500  cm/sec  into  a  bed  of  Ottawa  Sand  at  gravity  levels  of  0.17 ,  j 

I  O.38,  1.00, and  .2.00  g.  Maximum  penetrations  are  compared  at  these  levels, 
j An  Inverse  relationship  is  found  between  maximum  penetration  and  gravity. ; 

Terrestrial  soil  penetration  equations  are  discussed  and  compared 
with  the  data  from  the  experiment.  A  method  to  transform  a  terrestrial 
equation  Into  an  equation  valid  at  gravity  levels  in  the  range  of  the 
experiment  is  suggested. 

Deceleration  traces  are  produced  by  computer  from  penetration-time 
data  that  is  fit  with  a  least-squares  polynomial  and  mathematically 
differentiated.  Double-peaked  curves  result  at  all  gravity  levels.., 

.  V* 

Recommendations  are  made  for  further  work  in  the  area. 
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